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Glossary 

Source activities Actions that take place at the waste 
generation point that result in the proper presenta¬ 
tion of the waste to the waste collection system. 
Generation The act of creating a waste. 

Separation Placing different waste materials in differ¬ 
ent containers. 

Storage Keeping waste materials at the generation 
point until they can be collected. 

Processing Changing the properties of a waste 
material, e.g., compacting cans. 

Presentation Placing waste materials in the proper 
location for collection by the municipal waste 
collection program. 

Participation rate The fraction of households that 
regularly present materials properly. 

Residual waste Materials remaining as waste after 
reuse, recycling, or processing. 

Set-out rate The fraction of households that present 
materials on collection day. 


Curbside collection Collecting materials from each 
household, at the front curb or back alley. 
Drop-off center A centrally located facility, with large 
containers for each type of material, from which 
material is collected. 

Collection Obtaining materials from the curbside or 
drop-off centers and bringing that material to an 
unloading point. 

Collection vehicle Vehicle designed to collect waste. 
Transfer Moving wastes from a collection vehicle to 
a transport vehicle. 

Transfer station Facility at which transfer is performed. 
Material recovery facility Special type of transfer 
station, where recyclables are processed before 
transport. 

Transport Moving wastes long distances for treat¬ 
ment, disposal, or recycling. 

Transport vehicle Vehicle designed to move waste 
long distances. 

Definition of the Subject and Its Importance 

Concise definition of the subject and its importance 
with brief historical background. 

Solid wastes must be collected from generation 
points and moved to a transfer station, or treatment, 
disposal, or recycling facility. Source activities are car¬ 
ried out at generation points. They include generation, 
processing, storage, and presentation to the collection 
system. Collection involves moving the waste from 
the presentation point to an unloading point, i.e., 
a transfer station, etc. Wastes are taken to a transfer 
station when the ultimate destination is far away. Envi¬ 
ronmental impact from collection and transport arise 
primarily from the operation of collection and trans¬ 
port vehicles. 

Introduction 

The functional elements of an integrated solid waste 
management system include generation, source activities, 
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collection, processing, transfer and transport, treatment, 
and disposal [1]. Generation is the creation of waste, 
when an item becomes unwanted. Source activities are 
things that must be done to the waste at the generation 
point to deliver it to the collection system, e.g., storage 
in a recycling or waste container that is placed at the 
curb on collection day. Collection involves obtaining 
the waste from the presentation point and bringing 
it to the unloading point of the collection vehicle. 
Processing is anything that must be done before trans¬ 
fer, transport, or disposal. Transfer moves the waste 
from the collection vehicle to a transport vehicle, per¬ 
haps via a processing facility. Transport involves mov¬ 
ing waste significant distances from a transfer location 
to processing, treatment, or disposal facilities. Treat¬ 
ment facilities reduce the volume, mass, or toxic nature 
of a waste. Treatment facilities include composting 
facilities and incinerators with energy recovery. Dis¬ 
posal facilities store wastes, e.g., landfills. All landfills 
combine aspects of treatment and disposal, with biore¬ 
actor landfills tending more toward treatment than 
traditional landfills. 

The purpose of this entry is to describe the collec¬ 
tion and transport of waste, with emphasis on associ¬ 
ated environmental impacts. The functional elements 
most related are source activities, collection, transfer, 
and transport. 

Source Activities 

Source activities take place at the point of waste gener¬ 
ation, i.e., residences, commercial, industrial and insti¬ 
tutional establishments, and outdoors (picnics, 
camping, travel, etc.). Source activities must be carried 
out properly if waste is to be properly delivered to the 
solid waste collection system. Source activities include 
separation, storage, processing, and presentation. For 
the collection of recyclables and compostables, the 
participation rate is also very important. 

The environmental impacts of source activities are 
relatively small and have not yet been subjected to 
analysis or estimation. The discussion here is focused 
on their description. 

Separation 

Separation requirements can vary depending on the 
solid waste management system. If no recycling or 


Waste Collection and Transport. Table 1 Common 
residential separation schemes 


Scheme 

Description 

Wet/Dry/ 

Residual 

The wet stream is composted while the 
dry stream is incinerated. Residual 
wastes are landfilled. Recyclables are 
often separated from the residual 
wastes via a drop-off center program. 

Single-stream 

recycling 

All recyclables (paper, bottles, cans) are 
separated into a single stream, which is 
further separated at a central 
processing facility. Residual wastes are 
also separated. Compostable wastes 
may be separated from residuals. 

Two-stream 

recycling 

Paper and cardboard are separated 
into one stream, while bottles and cans 
are separated into another. The bottle 
and can stream typically consisted of 
plastic, glass, aluminum, and steel. 
Residual wastes are also separated. 
Compostable wastes may be separated 
from residuals. 


composting is included in the system, no separation is 
required; all wastes can be placed in a single container. 
A single container can also be used if a centralized 
facility is used to separate recyclable or compostable 
materials from residual waste. 

In many solid waste management systems, waste 
must be separated into two or more fractions. Com¬ 
mon residential separation schemes are described in 
Table 1. 

The separations employed at industrial and institu¬ 
tional establishments will depend on the waste charac¬ 
teristics of a particular facility. Very specific separations 
may be justified, depending on the predominance of 
a particular type of waste, e.g., grocery stores may 
separate corrugated boxes, offices may separate white 
paper, and cafeterias may separate food waste. 

Storage 

A two-step storage process is often followed in 
residences. Small containers are kept in the kitchen 
(under the sink or in a cabinet) or in a laundry or 
utility room. When these small containers become 
full, they are emptied into larger containers kept 
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outside the living area. At single-family dwellings, the 
containers are often kept next to the house, along an 
alley if present, or next to or in a garage or outbuilding. 
In the case of compostables, materials maybe stored for 
a brief time in the home and then moved to an outside 
storage container or a home composting unit. 

At multistory apartment complexes garbage chutes 
may be available in the hallways. In some cases, these 
chutes can accept multiple fractions. A switch is used to 
identify the fraction about to be placed in the chute and 
a carousel rotates the proper container under the chute. 
Alternatively, convenience areas may be located outside 
the apartment building. Convenience areas may con¬ 
tain one container (for the entire waste stream) or 
multiple containers for recyclables, compostables, and 
residual waste. An apartment complex convenience 
center in Borlange, Sweden contains separate con¬ 
tainers for batteries, compostables (wet), combustibles 
(dry), residual waste, colored glass, and clear glass. 

Storage at industrial or institutional establishments 
may also be two-stage. For example, at an office facility, 
small containers may be located in offices and/or public 
areas. These containers will be periodically emptied 
into larger containers in utility areas or outside. 

A relatively small number of municipal solid waste 
(MSW) systems are pneumatic. In this case, containers 
may be located inside or near buildings. These con¬ 
tainers are periodically emptied by suction and the 
materials moved through pneumatic tubes to larger 
containers for longer-term storage. 

Processing 

Home composting is a relatively common process 
employed at residences. Composting is controlled aer¬ 
obic or anaerobic biodegradation in which microbes 
consume the more biodegradable portions of a waste, 
though worms can also be used. Backyard composters 
can range from a simple enclosure of wire fence to 
a container that is rotated to mix and aerate. Worm 
composters consisting of a tower of trays can be located 
inside the home. Fresh waste is deposited in a top tray, 
causing worms to move out of composted material in 
a lower tray, leaving it worm free and ready to be 
removed. Yard and food waste are the most common 
materials composted at home. Maximum savings to 
communities are realized from home composting, as 


a portion of the waste stream is treated at zero cost to 
the municipality. Even more convenient is the “let it 
lie” process, in which leaves or cut grass are allowed to 
remain in the yard and degrade naturally. 

Most processing at the source is carried out to make 
it easier to store waste. Some items must be cleaned 
before placement in a recycling container, such as 
a mayonnaise jar. Other items may be crushed by 
hand to increase density and store more items before 
a container must be emptied. In some houses an appli¬ 
ance is used to compact residual waste, to minimize the 
frequency with which it must be taken to the outside 
storage container. 

Processing may be required at industrial or institu¬ 
tional establishments, e.g., at a grocery store, corru¬ 
gated boxes may be compacted to optimize storage. 

Presentation 

The last source activity is “presenting” the waste to the 
collection system. If curbside collection is employed, 
a collection vehicle passes each single-family residence. 
In some cases, the collection crew may walk onto the 
property to retrieve container(s). The crew may even 
return the container to its storage location. In this case, 
the resident does not need to do anything other than fill 
the container. More commonly, residents move their 
containers to the curb or alley on collection day and/or 
return them to the storage location after collection. 

Where a large centralized container is located near 
an apartment complex or industrial or institutional 
establishment, no special presentation is required. Sim¬ 
ply storing the waste puts it in the proper place for 
presentation to the municipal solid waste system. 

In communities that employ drop-off centers, large 
centralized containers are located at a relatively small 
number of centrally located public areas, e.g., along 
streets or at grocery stores, government buildings, 
transfer stations, or landfills. Residents are responsible 
for bringing materials to these drop-off centers, where 
they are stored temporarily before collection. For the 
residents of the Borlange apartment complex men¬ 
tioned above, additional materials were presented to 
the MSW system at a nearby grocery store. Containers 
included in-store storage for deposit/refund beverage 
containers (glass, plastic, and aluminum), and storage 
containers in the parking lot for packaging (paper, 
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plastic, and metal). While drop-off centers are less 
expensive to operate for the municipality, locations 
should be picked so that users can walk or, if driving 
is required, use combined trips. Otherwise, the eco¬ 
nomic and environmental costs incurred by the gener¬ 
ators may exceed any municipal savings. 

According to Belton et al. [2], drop-off centers 
should be within 500 m if an individual is walking or 
0.5 to 2.5 km if the person is driving. 

Valeo et al. [3] used geographical information sys¬ 
tems (GIS) to locate drop-off centers for recyclables in 
a community of 22,000 in Southern Ontario, Canada. 
Location-allocation modeling was used. Shopping 
centers, municipal parking lots, and roadside sites 
were considered. Five-hundred potential sites were 
identified. If people were assumed to walk to drop-off 
centers, 35 centers were needed to adequately serve 
99% of the population. 

Bacha et al. [4] developed a model predicting the 
collected amount of waste paper based on 649 Austrian 
municipalities using drop-off centers. Municipalities 
with a higher number of overnight hotel stays per 
person and year had higher quantities of collected 
waste paper, attributed to the increased waste potential 
of municipalities in tourist regions. The index of pur¬ 
chasing power per capita (the sum of net income per 
year) showed a strong effect on the amount of waste 
paper collected. Municipalities with a higher percent¬ 
age of households in which one member works in the 
home for no pay showed a significantly lower amount 
of waste paper per person. Higher amounts of waste 
paper were collected in municipalities with a higher 
percentage of employees in businesses and industry as 
well as in the service sector. A higher number of agri¬ 
cultural firms were associated with a smaller amount of 
collected paper. The density of collection sites posi¬ 
tively influenced the amount of collected waste paper, 
probably due to increased convenience. 

Surveys can be used to improve the operation of 
drop-off centers. Williams and Taylor [5] administered 
two surveys in order to better understand how to 
maximize the use of 26 drop-off centers in Lancashire, 
UK. A telephone survey was carried out among the 
drop-off center attendants to identify the effects of 
recent site improvements and obtain their opinions 
regarding overall customer satisfaction. An on-site 
questionnaire survey was conducted among customers 


at five drop-off centers, over three seasons, on week¬ 
ends and weekdays. Customers were asked their opin¬ 
ion of the drop-off centers and were asked to identify 
methods that would maximize recycling. Site atten¬ 
dants stated that they actively encouraged customers 
to segregate waste more efficiently, and that a bonus 
scheme had provided incentive regarding this effort. 
Site attendants had a key role in effective use of the 
drop-off centers. Lancashire drop-off center customers 
were mostly male, used private cars, and showed high 
levels of customer satisfaction. Practical changes to 
encourage more recycling at drop-off centers included 
longer opening hours and the provision of boxes to 
enable pre-separation of waste. 

Participation 

In residential areas, the participation rate in collection 
programs is the fraction of residences that present all or 
most or their waste materials (residual, recyclable, or 
compostable) to the collection system. Typically, 100% 
of residences present residual waste, because municipal 
collection is the most convenient way to get rid of 
a material that otherwise will cause odors and attract 
flies. Smaller fractions of residences participate in 
municipal recyclables or compostables collection pro¬ 
grams, because it is more convenient to leave them in 
the residual fraction. 

The set-out rate is the fraction of homes that set out 
materials on a given collection day. Set-out rates are 
lower than participation rates because some participat¬ 
ing households do not set out materials on every col¬ 
lection day. Set-out rates for residual waste programs 
are also close to 100%, while set-out rates for recycling 
programs vary greatly. According to Canadian 
researchers, set-out rates for recycling programs have 
been reported to range from less than 20% to more 
than 70% [6]. 

Given that it is typically more convenient to leave 
recyclables and compostables with residual waste, it is 
useful to investigate reasons why significant numbers of 
people participate in recyclables and compostables col¬ 
lection programs. Recycling and composting programs 
have been described as individual-level environmental 
collective actions (IECAs). According to Everett [7], 
IECAs involve the widespread adoption of particular 
individual behaviors to produce environmental collective 
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goods. Collective goods are defined as any good “such 
that, if any person Xj in a group X l5 X 2> ..X iv . .,X n 
consumes it, it cannot be feasibly withheld from others 
in the group” [8]. Some collective goods have what is 
called “jointness of supply” For collective goods with 
jointness of supply, the consumption of the collective 
good by one member of the group in no way reduces 
the ability of other members to enjoy it. The classic 
example is the lighthouse. Once one is built, any ship 
passing near it benefits (a collection good), and the 
benefit of one ship does not reduce the benefit for 
other ships (jointness of supply). 

Collection programs are IECAs because they 
require individuals to adopt behaviors concerning 
municipal solid waste management in order to produce 
environmental collective goods such as cleaner air, 
water, and soil. Of course, not all of the goods provided 
by collection programs are collective in nature, e.g., 
lower MSW management bills. 

Figure 1 can be used to understand the factors 
leading to participation in IECAs in general and 


recycling and composting programs in particular [7]. 
The Figure provides a flowchart that describes the 
various scenarios under which various assessment 
rationales and incentives are effective. In the discussion 
that follows, the Figure is interpreted for recycling pro¬ 
grams; however, the discussion can easily be applied to 
composting programs. 

The first condition is knowledge of the recycling 
program. People who do not know that a recycling 
collection program exists will not participate. Further¬ 
more, while it is unlikely that a curbside collection 
program can remain unknown for a long time, resi¬ 
dents that do not learn what or how to recycle may not 
participate. With regard to drop-off programs, resi¬ 
dents may remain ignorant of the existence of 
a program, especially when drop-off centers are located 
in places rarely visited for purposes other than 
recycling. 

Once a resident has knowledge of the recycling 
program, participation requires sufficient incentive. 
Incentives can be described by two dimensions, 



No Participation 


Only Selective Separate Incentive Work 


Individual 
Assessment ^ 
Rational 


Group 

Assessment 

Rational 


Selective incentives will work, 
however, an increase in the 
personal share of non-selective 
goods contingent upon 
participation is not an incentive 

All incentives will work, however, 
an increase in the personal share 
of non-selective goods 
contingent upon participation is 
not an incentive 


Individual 

Assessment 

Rational 


Group 

Assessment 

Rational 


Selective incentives will work, 
including an increase in the 
personal share of non-selective 
goods contingent upon 
participation is not an incentive 

All incentives will work 
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Conditions to participate in recycling programs [7] 
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separation and selectivity. Separate incentives do not 
depend on ideological agreement with the goals of the 
recycling program, e.g., monetary incentives. Not- 
separate incentives are related to the goals of the 
recycling program, e.g., saving natural resources or 
reducing waste management costs. Selective incentives 
are contingent on participation, e.g., awards or avoiding 
punishment. Nonselective incentives are the collective 
goods provided by the IECA. Anyone in the group 
receives them, whether or not they participate. 

There are four combinations of these two dimen¬ 
sions: selective-separate (e.g., monetary rewards); 
selective-not-separate (e.g., awards); nonselective-not- 
separate (collective goods directly related to the goals); 
and nonselective-separate (collective goods supplied by 
the recycling program, but not related to the goals). 
The last combination is rarely encountered. 

The effectiveness of each type of incentive depends 
on ideological agreement, assessment rationale, and 
belief in efficacy. Individuals in ideological agreement 
with a recycling program believe that its goals are valid. 
Only selective-separate incentives work for individuals 
not in ideological agreement. 

For those that agree with the goals of an IECA, their 
perception of individual efficacy and their assessment 
rationale jointly determine what incentives will have 
influence. With many collective actions “.. .no single 
individual’s contribution makes a perceptible differ¬ 
ence to the group as a whole, or the burden or benefit 
of any single member of the group,” i.e., individual 
efficacy is negligible [8]. For IECAs, even though an 
individual’s contribution to the overall collective good 
may be small, it exists and its production is directly 
linked to participation. As each individual’s ability to 
produce the collective good, though small, is approxi¬ 
mately the same, each individual has about the same 
effectiveness. Some individuals focus on the direct rela¬ 
tionship between their participation and production of 
the collective good and end up believing in their own 
efficacy. Others focus on the small amount of collective 
good their participation produces, and believe that they 
are not efficacious. 

Two assessment rationales can be employed, indi¬ 
vidual and group. An individual assessment rationale is 
based only on personal gain from participation. Col¬ 
lective goods, the receipt of which does not depend on 
participation, enter into individual assessments only if 


the increase in an individual’s share of a collective good 
consequent to participation is greater than the cost of 
participation. Such an individual, by Olson’s terminol¬ 
ogy [8], is “privileged.” It is difficult to imagine such 
a person with respect to collection programs. If greater 
profit - personal benefit minus personal cost - is 
gained from not participating, nonparticipation will 
be the choice of action of individuals operating under 
an individual assessment rationale. This is the logic 
behind “free riders.” 

Individuals following a group assessment rational 
consider group benefits. Some employing the group 
assessment rationale will participate any time the 
group benefits outweigh their personal cost. Since the 
small improvement in environmental quality from 
recycling a single item is shared by all living beings on 
the planet, it is very likely that the group benefit will 
outweigh the individual cost. Others employing the 
group assessment rationale may not be so altruistic; 
they will participate as long as their benefits outweigh 
their personal costs. They differ from people employing 
the individual assessment rationale because they may 
participate when nonparticipation would increase their 
personal net benefit. Figure 1 identifies the types of 
incentives that influence people falling into the four 
combinations of efficacy and assessment rationale. 

At least five major factors are related to participa¬ 
tion in collection programs: market incentives, coercive 
incentive, convenience strategies, promotional efforts, 
and demographic and attitudinal variables [7]. Market 
incentives are selective and separate. They consist of 
direct payments, deposit programs, and pay-as-you- 
throw (PAYT) schemes. In communities using PAYT, 
residents pay different rates for different volumes or 
mass of waste collection. Pay-as-you-throw programs 
are an effective method for encouraging source reduc¬ 
tion and recycling. The US EPA [9] estimated that each 
person participating in a PAYT program reduced their 
annual greenhouse gas (GHG) emissions by an average 
of 0.085 MTCE. An MTCE (metric ton carbon equiv¬ 
alent) is an amount of greenhouse gases (e.g., C0 2 , 
Methane, water vapor, or ozone) with the greenhouse 
potential of an amount of C0 2 containing 1 metric ton 
of carbon. 

Coercive incentives use the force of law to produce 
desired behaviors. A nationwide study in the USA 
found that mandatory programs collecting newspaper, 
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glass, and aluminum collected almost 60% more mate¬ 
rials than voluntary programs collecting the same 
materials [10]. Though numerous programs have rules 
requiring participation, and even punishments specified 
in ordinances and codes, enforcement is rare. 

Though separating wastes into additional fractions 
for recycling or composting can never be more conve¬ 
nient that placing everything in one container, conve¬ 
nience strategies can be employed to reduce that 
additional cost as much as possible. Convenience strat¬ 
egies can employ delivery methods, separation require¬ 
ments, container provision, collection frequency, and 
program reliability [10, 11]. 

Promotion efforts give people knowledge of 
a program, describing where, when, what, and how 
to recycle. They can also affect ideological agreement 
and efficacy, e.g., by advertising recycling benefits 
and describing the positive outcomes of an individ¬ 
ual’s recycling behavior. Promotions can also change 
people’s perceptions of all types of incentives, e.g., 
lowering personal cost perceptions by describing the 
convenience of a particular program. Promotions 
should be tailored for each program, highlighting 
its particular benefits and conveniences, and mini¬ 
mizing its costs. 

The explanatory power of demographic and attitu- 
dinal variables can be related to recycling activity [7]. 
Demographic variables such as higher education, 
higher income, neighborhood stability and networks, 
type of building, and age group have all been associated 
with recycling behavior. So have attitudinal variables 
such as a sense of being in control of one’s life, a sense of 
personal responsibility for environmental problems, 
and frugality. 

Collection 

Collection is needed to move wastes from widely dis¬ 
tributed generation points to a transfer station or treat¬ 
ment/disposal facility. In the case of residual wastes, 
collection frequency has an upper limit based on the 
breeding cycle of pests, such as maggots and flies. For 
example, it takes 9 to 11 days for flies to multiply in 
residual waste at typical temperatures [1], hence resid¬ 
ual wastes are generally collected at least once a week. 
While recyclables can typically be stored for at least 
2 weeks, the once per week collection frequency is 


often used, as it is easier to remember to collect every 
Wednesday, e.g., rather than every other Wednesday. 

Collection programs can be privately or publicly 
operated. Garcia-Sanchez [12] examined street cleaning 
and waste collection services in Spanish municipalities 
to identify factors influencing service efficiency. Infor¬ 
mation from 38 of 113 towns with populations over 
50,000 was obtained. Measures of success included 
tonnage collected, number of collection points, collec¬ 
tion point density, and length of streets washed. They 
found no significant difference in the efficiency of street 
cleaning and waste collection services between towns 
with private versus public programs. 

Collection containers can be divided into two 
major types, hauled and stationary. Full hauled con¬ 
tainers are carried by the collection vehicle to the 
unloading point. Once emptied, they are returned to 
their next collection point. A common use for hauled 
containers is at construction and demolition sites. 
Stationary containers are permanently located at 
a particular site. When full, or at regular intervals, the 
stationary container is emptied into the collection vehi¬ 
cle and immediately returned to its location. 

Stationary containers range from relatively small 
containers used in curbside collection programs 
to specialty containers and dumpsters. In curbside 
collection programs, vehicles drive by each setting out 
household or business and collect materials. Curbside 
programs most commonly collect from neighborhoods 
of one- and two-family residences or districts of small 
businesses. Typical curbside containers in the USA 
range from 32 to 96 gallons (121-363 L). Figure 2 is 
used to demonstrate the typical activities of a collection 
vehicle collecting two routes per workday. The vehicle 
is stored in a parking facility. At the start of the work¬ 
day, the truck is driven to the first route and collection 
begins. When the route is finished, the truck drives to 
the unloading facility, unloads, and travels to the sec¬ 
ond collection route. Once the second route is finished, 
the truck again travels to the unloading facility, unloads 
and returns to the parking facility. Unloading facilities 
can be processing centers, transfer stations, landfills, or 
incinerators. 

Dumpsters and specialty containers are located at 
large generation sites (e.g., apartment complexes and 
businesses) or at drop-off centers. In communities that 
rely on drop-off centers, householders must take 
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Waste Collection and Transport. Figure 2 

Collection truck activities (Residual waste, recyclables, or 
compostables) 


recyclables or compostables, and, in some cases, resid¬ 
ual wastes to containers located at public access points, 
e.g., along streets in urban areas, shopping center 
parking lots, municipal facilities, transfer stations, or 
landfills. Specialty containers are often used at drop-off 
centers, e.g., containers with openings designed to 
accommodate different recyclable items. Collection 
vehicles periodically empty the containers. 

The collection of residual or compostable waste is 
most often done in compaction vehicles. By compacting 
waste during the collection process, more waste can be 
collected before the vehicle must be unloaded. Compac¬ 
tion can be used with recyclables, but care must be 
exercised to avoid breaking glass. 

Vehicle loading can be manual, semiautomatic, or 
automatic. Manual loading requires the collection crew 
to push or pull containers to the collection vehicle and 
lift them to empty. Semiautomatic still requires a crew 
member to push or pull the container to the collection 
vehicle, but a pneumatic lifting system is used to empty 
the container into the truck. In automatic collection, 
the driver of the truck maneuvers close to a container, 
“grabs” it with a crane or “forklift” type device, and 
automatically empties it. Automatic systems use the 
crane with curbside collection and the “forklift” type 
device with dumpsters. Single compartment trucks are 
the norm for residual waste collection. The collection 
of recyclables can be done in single- or multi¬ 
compartment trucks. 


Manual and semiautomatic collection can result in 
health issues for crew members. Rogers et al. [ 13] admin¬ 
istered a survey to municipal solid waste (MSW) col¬ 
lectors and their supervisors/safety officers in both 
public and private companies to evaluate occupational 
risks to Florida MSW workers. Data were obtained for 
251 workers. Results of the survey indicated high rates 
of lacerations, contusions, strain/sprains, and illness. 
Seventy-five percent of the collectors reported having 
been injured in the previous 12 months. 

According to Medina [14], many cities in develop¬ 
ing countries spend 20-50% of municipal revenues on 
MSW while collecting only a fraction of MSW gener¬ 
ated, in many cases less than 50%. In Mexico, informal 
private collectors often provide collection in low- 
income areas, where no official collection is provided. 
While informal refuse collection is illegal in Mexico, 
response varies from city to city, including repression, 
neglect, collusion, and even encouragement. Medina 
argues that informal refuse collection can be a valid 
part of solid waste management where a regulatory and 
policy framework is in place that encourages self-help, 
private investment, and entrepreneurship. Many cities 
in developing countries are simply unable to provide 
complete collection coverage, especially in low-income 
areas. Informal refuse collection can fill the gap, 
providing an important service and improving the 
quality of life. 

Factors Influencing Collection Efficiency 

WRAP [ 15] , a nonprofit based in the UK, completed an 
analysis of three types of curbside collection systems for 
recyclables: curbside sort; single stream comingled; 
and two stream partially comingled. In curbside sort 
systems, materials are sorted by type at the curbside 
and collected in different compartments of a multi¬ 
compartment vehicle. In single stream comingled sys¬ 
tems, materials are placed at the curb in one bin and 
collected in a single compartment vehicle, with the 
sorting of the materials occurring at a Materials Recovery 
Facility (MRF). In two stream partially comingled sys¬ 
tems residents separate materials into two categories, 
usually fibers (paper and cardboard) and containers 
(glass, cans, and plastic bottles), which are collected in 
a two compartment vehicle. Each comingled stream is 
handled separately at the MRF. 
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The following general observations were made after 
investigating programs in the UK: 

• Curbside sort schemes had lower costs than single 
stream comingled schemes, when the income from 
material sales was considered. 

• The net costs of curbside sort schemes are strongly 
affected by income from the sale of materials. 

• The net costs of comingled schemes are strongly 
affected by MRF fees. 

• Two stream comingled collections schemes keeping 
paper separate from containers have similar net 
costs to curbside sort schemes. 

• There is little variation in material yields between 
the three main curbside schemes. 

• Programs that collect glass and/or have alternate 
weekly collection of refuse exhibit the greatest 
diversion rates. 

• Recycling collections are maximized when more or 
larger containers are provided and/or recyclable 
materials are collected weekly. 

• The best scheme does not appear to be impacted by 
the “urban” or “rural” nature of the area served. 

Wilson and Batz [6] developed a derived probabil¬ 
ity model to estimate vehicle and labor requirements 
for municipal solid waste collection systems. The set- 
out distribution was modeled using the binomial dis¬ 
tribution, leading to the application of the geometric 
distribution to stop-to-stop distance. The total loading 
time and delay time were modeled using the normal 
distribution. The number of households a truck passes 
before filling was modeled using the negative binomial 
distribution. The model was used to explore 
three scenarios: route size when the collection vehicle 
is constrained by time; route time when the vehicle is 
constrained by capacity; and the effect of vehicle capac¬ 
ity on costs [16]. Parameters included route size 
(the number of houses served before the truck became 
full or runs out of time), set-out rate (the fraction of 
houses setting out materials on a given day), average 
loading time (time to load materials on the vehicle at 
a given stop), and average stop spacing (the distance 
between setting out houses). 

In routes constrained by time, route size is sensitive 
to set-out rate, e.g., the same vehicle on a route with 
a 20% set-out rate could serve more than twice as many 
households as on a route with a set-out rate of 


80% [16]. Route size was also sensitive to average 
loading time, e.g., a change in loading time from 
10 to 20 s/stop required a reduction in route size of 
almost 40%. Route size was somewhat less dependent 
on average stop spacing, with an increase in average 
stop spacing from 10 to 25 m resulting in an approxi¬ 
mately 20% reduction in route size. 

Constraining routes by vehicle capacity results in 
relatively little variance in route time, because the 
number of stops will be constant [16]. This suggests 
that trucks of similar capacity, starting routes at similar 
times, will finish those routes at about the same time, 
resulting in long lines at unloading locations. When 
comparing trucks of 15, 20, and 25 yd 3 capacity (11.5, 
15.3, and 19.1 m 3 ), the medium-sized truck was rarely 
the lowest-cost option. Large vehicles run up against 
a time constraint before filling to capacity whereas 
small vehicles fill well before the end of the collection 
day. In most cases, either situation was preferred to that 
of a medium-sized vehicle that meets both constraints 
at approximately the same point. 

Dahlen et al. [17] investigated the effect of different 
collection systems on recycling in six municipalities in 
Sweden. PAYT schemes based on weight-reduced resid¬ 
ual household waste collection by 50%; however, 
preliminary results indicated a relatively high rate 
of impurities (12% in 2004), i.e., wrongly sorted 
materials, in the biowaste fraction. Curbside collection 
programs recycled more metal, plastic, and paper pack¬ 
aging then drop-off programs. When separate collec¬ 
tion of biodegradables was included in the curbside 
system, the overall sorting of dry recyclables increased. 
It appeared that the handling of biodegradables facili¬ 
tated sorting dry recyclables. 

In Sweden, a producer responsibility ordinance 
mandates that producers, i.e., plastic manufacturers, 
collect and recycle packaging materials. Hage and 
Soderholm [18] investigated the relationship between 
collection rates of household plastic packaging waste 
and various factors for 252 Swedish municipalities. 
The results of a regression analysis indicate that local 
policies, geographic/demographic variables, socioeco¬ 
nomic factors, and environmental preferences provide 
some explanation of inter-municipality collection rates. 
The collection rate was positively affected by increases in 
the unemployment rate, the fraction of private houses, 
and the presence of immigrants (unless newly arrived) in 
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the municipality. Distance to recycling industry, 
urbanization rate, and population density were not 
significantly related to collection rate. Municipalities 
with weight-based waste management fees typically 
experienced higher collection rates than those 
municipalities in which flat and/or volume-based 
fees were used. 

Gomes et al. [19] simulated the costs of 
compostables collection using a fixed container system 
and a transfer station, for a municipality with 
a population of 28,000 inhabitants. The main goal was 
to compare three scenarios: traditional, unsorted collec¬ 
tion; separate collection of compostables; and separate 
collection of compostables from urban communities 
with home composting elsewhere. Input data from 
2001 were used, including waste quantities, travel 
times, work crew composition, crew time shifts, vehicles, 
and containers. Separate collection of compostables 
resulted in comparable collection costs to traditional, 
unsorted collection. When only urban compostables 
were collected and nonurban compostables were home 
composted, the costs were lower than traditional, 
unsorted method. This emphasizes the importance of 
home composting. 

McLeod and Cherrett [20] assessed the effects of 
three domestic waste collection methods using data 
from three Hampshire, UK authorities: cooperation 
between neighboring waste collection authorities and 
vehicles based at waste disposal sites. Cooperation 
could reduce vehicle mileage by 5.9% if vehicles were 
optimally reallocated to depots. Vehicle mileage was 
reduced by 13.5% when vehicles were based at the 
two waste disposal sites rather than existing depots. 
This work identified some basic methods for optimiz¬ 
ing waste collection. 

Optimization 

Numerous optimization studies have been applied to 
MSW Collection, often identifying significant saving 
opportunities. According to Tavares et al. [21], the 
collection of MSW can be more than 70% of the total 
waste management budget. Fuel costs can be a major 
portion of the collection cost. Optimization of the 
routing network used for waste collection and trans¬ 
portation can be used to minimize fuel costs. GIS 
optimization models can take into account the effects 


of road inclination and vehicle weight on fuel con¬ 
sumption. Tavares et al. [21] optimized routes two 
different ways, minimizing the travel distance or fuel 
consumption. For the Praia city region (Cape Verde), 
optimizing for fuel consumption used 8% less fuel 
than optimizing for route distance. When the model 
was applied to a waste transport problem, a 12% fuel 
reduction was obtained. The results indicated the 
importance of designing routes to minimize uphill 
climbs to reduce fuel consumption. Reducing fuel 
consumption will also reduce greenhouse gas (GHG) 
emissions. 

Chang et al. [22] used compromise programming 
within a GIS framework to optimize waste collection in 
Kaohsuing city, the second largest city in southern 
Taiwan. Compromise programming was used to opti¬ 
mize multiple objectives: shortest collection distance, 
lowest collection cost, and shortest collection time. 
Optimization was performed on the current manage¬ 
ment districts and new proposed districts. The model 
was able to significantly reduce the number of collec¬ 
tion points and collection distance and time. The num¬ 
ber of collection points was reduced from 1,788 to 617, 
collection distance was reduced from 80,528 to 
51,176 m, and collection time from 1,629 to 
1,521 min. Furthermore, the average distances resi¬ 
dents had to walk to collection points was also reduced, 
as was the average service frequency of the collection 
vehicles. 

Kardimas et al. [23] used the ant colony system 
(ACS) algorithm, within a GIS environmental to moni¬ 
tor, simulate, and optimize solid waste collection in 
a portion of Athens that produced an amount of waste 
equivalent to the vehicle capacity. The program was able 
to reduce travel time by approximately 25%, resulting in 
an overall reduction in collection time (travel plus load¬ 
ing) of approximately 9%. Filipiak et al. [24] used the 
Chinese postman problem algorithm to optimize 
MSW collection costs in the Township of Millburn, 
NJ. They were able to develop a set of optimal collec¬ 
tion routes that reduced the distance traveled by 
approximately 10%. Nuortioa et al. [25] optimized 
vehicle routes and schedules for collecting municipal 
solid waste in Eastern Finland using a guided variable 
neighborhood thresholding metaheuristic. The 
method was able to optimize three routes by an average 
of 46%. 
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Kima et al. [26] presented algorithms for collection 
vehicle routing problems that consider multiple 
unloading trips per day and driver’s lunch breaks. 
This scenario is most appropriate for commercial 
waste collection, in which each vehicle can make 
many unloading trips per day. The algorithms were 
successfully implemented and used by Waste Manage¬ 
ment, Inc. In one case study, a collection scenario 
requiring ten 9-h routes with productivity of 
57.06 yd 3 /h (43.63 m 3 /h) was improved to nine 9-h 
routes and 63.40 yd 3 /h (48.47 m 3 /h). This reduced the 
annual number of routes by 984, resulting in a savings 
of $18 million. 

Green House Gas Emissions and Other 
Environmental Impacts 

The collection of municipal solid waste generates 
pollution, e.g., vehicle emissions. For isolated commu¬ 
nities, the pollution generated by long transport dis¬ 
tances required to bring recyclables to processing or 
manufacturing centers may outweigh the benefits of 
avoided extraction and processing of virgin materials. 
A number of researchers have studied the environmen¬ 
tal impacts of collection. 

Batool and Chuadhry [27] estimated greenhouse gas 
(GHG) emissions from solid waste management for Data 
Ganj Bukhsh Town (DGBT) in Lahore, Pakistan using 
the life cycle assessment (LCA) methodology. There were 
1,624,169 people living in 232,024 dwellings in DGBT, 
with an average per capita MSW generation rate of 
0.84 kg/day. Solid waste management options considered 
included the collection and transportation of waste, 
composting, biogasification, collection of recyclables 
with single and mixed material bank container systems, 
and landfilling. C0 2 equivalents, emitted and avoided, 
were based on electricity consumption and production, 
fuel consumption, and emissions. 

The baseline scenario was the current MSW system, 
collection of waste for landfilling without energy recov¬ 
ery [27]. In Scenario 1, 70% of biowaste was collected 
at the curb for composting. In scenario 2, the biowaste 
was collected for biogasification. Scenarios 3 and 4 
involved drop-off systems for recyclables. Scenario 5 
was a combination of scenarios 1 and 3. Scenario 6 
combined scenario 5 with energy recovery at the 
landfill. 


LCA results showed that the baseline scenario pro¬ 
duced 838,116 tons of C0 2 equivalents annually. Sce¬ 
narios 1, 2, and 5 resulted in reductions ranging from 
58% to 75%. The recycling only options, scenarios 3 
and 4, resulted in little savings, primarily because of the 
low percentage of materials available for recycling 
(26%). The sixth scenario was a carbon sink, with 
33,773 tons stored each year. The authors’ calculations 
indicate that GHG emissions associated with collection 
are less than reductions associated with recycling. 

Solano et al. [28] developed an integrated solid 
waste management optimization and life cycle assess¬ 
ment (LCA) model that considers cost, energy, and 
environmental releases. They applied the model to 
a number of scenarios using a hypothetical, but realistic 
case study representing an urban region of medium size 
[29] . Both cost and GHG emission minimization could 
be determined by the model. 

A minimum-cost MSW management system was 
identified in which residential and multifamily sectors 
were served by a recyclable materials drop-off center 
[29]. Approximately 5% of the waste of these two 
sectors was recovered. The remaining 95% was col¬ 
lected as mixed MSW and disposed of in a landfill. 
Approximately 26% of commercial sector waste was 
collected as presorted recyclable material, while the 
rest was collected as mixed MSW and disposed of in 
a landfill. Collection and landfill costs constituted 83% 
of the net cost. The drop-off option for recyclables was 
incorporated into the minimum-cost MSW system 
because it costs very little and was easily offset by the 
revenue generated from the recyclable materials. 

According to Solano et al. [29] the majority of 
MSW management environmental impacts are associ¬ 
ated with collection and landfill activities. Collection 
uses significant amounts of energy, while landfills emit 
significant amounts of GHG. This assumes that landfill 
gases are not captured or are flared. 

In the minimum GHG emission scenario, the 
model selected recycling for some combustible and 
noncombustible items [29]. Recycling of combustible 
items was favored when recycling was more beneficial 
than combustion with energy recovery. This was the 
case for paper and plastic. Recycling of noncombustible 
items was favored when emissions savings at the 
remanufacturing facility were greater than the emis¬ 
sions associated with recyclables recovery activities. 
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This was the case for metal and glass. A costly mixed 
waste MRF was selected to recover those recyclables not 
separated by the residents, emphasizing the GHG emis¬ 
sions benefit of recyclable recovery. Almost the entire 
commercial waste stream was combusted. 

Though not adequately described in the paper, it 
appeared that the only traditional landfilling option 
considered was one without energy recovery [29]. 
Other authors have concluded that landfilling with 
highly efficient gas capture and energy recovery is an 
optimal solution for minimizing GHG emissions. This 
points to the importance of base assumptions in LCA 
analyses. 

Iriarte et al. [30] estimated the environmental 
impacts of three collection systems using an LCA 
model. Estimates were made for a scenario in which 
1,500 tons a month of MSW were generated in 
a European urban locality with a density of 5,000 
inhabitants/km 2 . In the multi-container system, citi¬ 
zens placed materials in permanent containers located 
in two areas of the street. The organic and residual 
fractions were placed in containers at the curb at 
a maximum distance of 50 m from each household. 
Containers for glass, paper, and packaging were located 
at a maximum distance of 300 m. 

In the door-to-door system, citizens left each frac¬ 
tion outside their house, according to a preestablished 
collection schedule. The organic fraction was placed at 
the curb in a community bin. Paper, packaging, and 
residual waste was left in plastic bags. Glass was col¬ 
lected in permanent containers situated at a maximum 
distance of 300 m from the citizens. 

The mobile pneumatic system used a network of 
pipes and pneumatic suction trucks. Citizens dropped 
each fraction of waste through doors located in the 
street into underground tanks. The tanks were emptied 
into suction truck via a network of underground pipes 
connected to suction points situated in the street. 
Organic, paper, packaging, and residual fractions were 
collected pneumatically at preset times. Glass was 
stored in the underground containers, but was col¬ 
lected by top loader trucks. 

Three stages of the collection system were explored 
separately: storage; urban transport; and intercity 
transport [30]. Storage included containers and, for 
the pneumatic system, the tanks and underground 
pipes. Urban transport included loading and transport 


from collection points to the locality border. The stor¬ 
age and urban transport stages were together called the 
urban stages. Intercity transport included transporting 
the materials from the locality borders to the recycling, 
processing, or disposal facilities and unloading. Collec¬ 
tion vehicles were used for urban and intercity 
transport. 

For the urban stages, the multi-container system 
had the least environmental impact of all systems [30]. 
The mobile pneumatic system had greatest environmen¬ 
tal impact for global warming, fresh water aquatic 
ecotoxicity, terrestrial ecotoxicity, acidification, and 
eutrophication. The door-to-door system had the 
greatest environmental impact for abiotic depletion, 
ozone layer depletion, and human toxicity. The intercity 
transport stage was very important. For intercity distance 
of 11 km and upward, this stage contributed the most 
global warming impact and energy demand, for all the 
systems. This points to the importance of using transfer 
stations to transfer materials to more efficient transport 
vehicles. 

Di Nino and Baetz [31] examined the link between 
air emissions from vehicles involved in the collection 
and transport of recyclable and residual materials and 
the urban form, i.e., population density, land-use mix, 
land-use pattern, and scale of development. Two hypo¬ 
thetical cities were evaluated, representing extremes of 
urban form. The “spread” city was comprised of 
large single-family homes and homogeneous land-use 
development with 6.3 units/ha. The “Nodal” city 
contained compact developments at higher densities 
and intermixed land use, with 18.01 units/ha. As 
expected, the “spread” city resulted in significantly 
more air emissions associated with recyclables and resid¬ 
uals collection. This was true for all of the air pollutants 
evaluated, including hydrocarbons, carbon monoxide, 
carbon dioxide, oxides of nitrogen, and particulates. For 
many of the pollutants, the “Spread” City resulted in 
more than twice the emissions of the “Nodal” city. 

Special Collection Programs 

Collection programs for household hazardous waste 
are common. Though some programs employ curbside 
collection, drop-off centers are much more common. 
In some cases, the drop-off centers are not active all the 
time. Some drop-off centers only collect materials once 
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Waste Collection and Transport. Figure 3 

Battery collection box, Sweden 


a month or four times a year. Common materials 
collected are paints, pesticides, cleansers, oil, electron¬ 
ics, and batteries. 

Some communities have separate collection pro¬ 
grams for batteries [32]. In some jurisdictions, only 
household batteries are considered a non-hazardous 
waste. In such cases, non-household batteries are 
often excluded to avoid hazardous waste regulations. 
Collected batteries can be disposed of at hazardous 
waste facilities or recycled. Collection programs range 
from drop off to curbside collection programs. Some 
drop-off programs have used widely distributed battery 
collection boxes (Fig. 3). Curbside collection can be 
with non-hazardous recyclables or hazardous waste. 
Program costs can be high, especially for curbside col¬ 
lection programs. In Spokane, WA, curbside collection 
with recycling cost $2,260 per ton, while curbside col¬ 
lection with landfill disposal cost $1,822 per ton [32]. 

Transfer and Transport 

Transfer stations are an important part of municipal 
solid waste management systems. The location of 
transfer stations has traditionally been driven by 
a desire to minimize transport costs. Transfer stations 
are used to combine many small loads from collection 
vehicles into a few large loads in transport vehicles. 



Waste Collection and Transport. Figure 4 

Simple transfer station schematic 


Transfer stations are typically located close to popula¬ 
tion centers because it is cheaper to transport large 
amounts of waste over long distances in large loads 
than in small ones. Material recovery facilities are 
a special type of transfer station, used to process recy¬ 
clables or compostables before transferring them to 
long-haul vehicles. 

A simple transfer station is shown in Fig. 4. Not 
shown in the figure is a scale, commonly used to deter¬ 
mine the amount of material brought by each vehicle. 
Collection vehicles empty in the tipping area. This can 
be onto the tipping floor, into a pit, or directly 
onto a transfer mechanism. Transfer mechanisms 
include front-end loader, conveyor, and crane. The 
transport vehicle is often located at a lower level then 
the tipping floor, allowing transfer by pushing material 
horizontally. 

Wilson and Vincent [33] used on-board global 
positioning system (GPS) recorders to collect field 
data on the movement of solid waste collection vehicles 
at transfer stations. Five vehicles using four transfer 
stations were compared for 1 year. Spatial data were 
analyzed using geofences, determining the time each 
truck spent on four activities: queuing at the scale, 
weighing, queuing at the tipping floor, and unloading 
waste. The authors were able to identify and measure 
queuing delays. The average total time was 16.4 min 
per visit, with a standard deviation of 14.3 min. Time per 
visit ranged from 2 to 111 min per visit. The distribution 
was positively skewed. Multi-compartment vehicles 
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(co-collection and recycling trucks) spent more time 
at the unloading facilities than single compartment 
vehicles. At one facility, the longest delays were 
encountered queuing at the scale, at two facilities 
trucks experienced delays queuing at the tipping 
floor, while at the fourth facility no significant delays 
developed. 

Collection vehicles are designed for collection, 
while transport vehicles are designed for long-distance 
hauling. If the final destination for the collected mate¬ 
rials is far away, costs and environmental impacts can 
be reduced by transferring materials to more efficient 
transport vehicles, which include tractor trailers, trains, 
and ships. 

Optimization 

Numerous authors have developed algorithms for opti¬ 
mizing transfer and transport. Komilis [34] presented 
two conceptual mixed integer linear optimization 
models to optimize the transfer and transport of 
municipal solid waste (MSW) prior to landfilling. 
One model was based on minimizing time. The other 
was based on minimizing total cost. Both models iden¬ 
tified an optimum route to haul MSW from generation 
points to landfills via transfer stations. The models 
assumed the locations of generation, transfer, and land¬ 
fills were fixed. The basic input data were distances, 
average vehicle speeds, haul costs, equipment and facil¬ 
ities’ operating and investment cost, labor cost, and 
tipping fees. 

A case study at the Municipality of Athens was used 
to illustrate the models [34]. The time-based optimi¬ 
zation model is simpler, as it is primarily based on the 
distances among generation points, transfer stations, 
and landfills; however, it is best used when no transfer 
stations are included in the system, as it is difficult to 
interpret the effect of the average speeds of the collec¬ 
tion and transport vehicles. The cost optimization 
model is more appropriate for systems with transfer 
stations. For the baseline scenario - 100 tons/day MSW, 
transfer station location 15 km from generation point, 
and queue times of 0.5 h - the use of the transfer station 
was warranted when the distance to the landfill was at 
least 65 km. This is referred to as the threshold distance. 
Increasing the tons/day to 500 reduced the threshold 
distance to 56 km. The minimum threshold distance, 


for any amount of waste, was 54 km. Increasing 
the queuing time at the landfill to 1 h decreased the 
threshold distance to 56 km for the baseline scenario. 
Similarly, moving the transfer station location to 5 km 
reduced the threshold distance to 48 km. 

Green House Gas Emissions and Other 
Environmental Impacts 

Transfer stations can negatively impact the environ¬ 
ment. Bovea et al. [35] compared the environmental 
impact of taking municipal wastes directly to the 
nearest waste treatment facility with waste manage¬ 
ment systems that include a transfer station. They 
applied a life cycle methodology to the Plana region 
of Castellon, Spain. They found that reductions in 
environmental impact from incorporating a transfer 
station ranged from 14.0 to 20.7%, depending upon 
the LCA method used. 

Eshet et al. [36] estimated the economic value of 
externalities related to Israeli waste transfer stations. 
Most externalities were associated with impacts on 
residents living near transfer stations, such as noise, 
odor, litter, vermin, visual intrusion, and perceived 
discomfort. After mapping active transfer stations in 
Israel, problem sites near residential areas were identi¬ 
fied and four were selected for further study. The 
Hedonic Price Method was used to examine the impact 
on property values. The maximum spatial impact 
occurred within 2.8 km of a transfer station. There 
was an increase of approximately $5,000 in housing 
price for each additional kilometer away from the site. 
There also was a 0.06% rise in the price of the average 
house for each 1% increase in average distance from the 
local transfer station. Transfer stations create external¬ 
ities that should be taken into account during the siting 
process and when considering compensation for 
nearby residents. 

Eisted et al. [37] reviewed electricity and fuel con¬ 
sumption associated with the collection, transfer, and 
transport of waste and quantified the associated green¬ 
house gas (GHG) emissions. Emission factors were 
assigned a global warming potential and aggregated 
into global warming factors (GWFs) that can be used 
to estimate the contribution to global warming from 
collecting, transporting, and transferring 1 metric ton 
of wet waste. Not considered were GHG emissions 
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Waste Collection and Transport. Table 2 Global warming factors (GWFs) for six scenarios 


Scenario 

Collection 

Transfer 

Transport 

Total 

Residual waste with 20 km of transport by 
truck, urban apartment blocks with 
pneumatic system 

43-46 

— 

4-11 

47-57 

Residual waste with 20 km of transport by 
truck, urban apartment blocks with 
dumpsters 

5.0-5.5 


4-11 

9-17 

Residual waste with 150 km of transport by 
truck, single-family homes, transfer station 

10-11 

0.05-4.5 

14-28 

24-44 

Recyclable paper with 2,000 km of 
transport by truck, drop-off centers, 
transfer station 

6-11 

0.05-4.5 

182-380 

189-396 

Recyclable paper with 3,000 km of 
transport by diesel train, drop-off centers, 
transfer station 

6-11 

0.05-4.5 

6-174 

13-190 

Recyclable materials with 10,000 km of 
transport by ship, private car brings 
materials to transfer station, 100 km to port 

100-300 

0.10-8.9 

29-59 

129-368 


related to production, maintenance, and disposal of 
vehicles, equipment, infrastructure, and buildings. 
The estimated GWFs varied from 9.4 to 368 kg 
C0 2 -equivalent (kg C02-eq.) per metric ton of waste, 
depending on method of collection, capacity, and 
choice of transport equipment, and travel distances. 
Six scenarios are described in Table 2. GHG emissions 
can be reduced by avoiding the use of private cars and 
by optimizing long-distance transport, i.e., using trains 
and ships. As also found by Iriarte et al. [30], the 
environmental impact of pneumatic collection was 
very high. 

Chunping et al. [38] measured environmental 
quality at five MSW Transfer Stations in Beijing 
from 2001 to 2006. Wastewater, air, and noise were 
monitored during wet and dry seasons. Levels of 
total suspended particles, odor, noise, ammonium 
nitrogen, chemical oxygen demand, biochemical 
oxygen demand, suspended solid, and fecal coliform 
were all above the criteria limit in China on numer¬ 
ous occasions. Poor environmental quality was mea¬ 
sured at each transfer station in at least 5 of the 
7 years evaluated. 

Modern waste management in Western Europe 
has resulted in a remarkable increase in waste 


transportation. Salhofer et al. [39] investigated the 
ecological significance of increased waste transport for 
recycling refrigerators, paper, polyethylene films, and 
expanded polystyrene. Specifically, they examined the 
point at which increasing transportation distance drove 
the overall environmental impacts associated with 
recycling over that of disposal. Only in the case of 
expanded polystyrene were disposal impacts lower 
than recycling within the upper range of practical 
transportation distances. For other materials, disposal 
impacts were higher for all practical distances, indicat¬ 
ing that efforts should focus on increasing recovery, 
e.g., through curbside recycling. 

Case Studies 

Two case studies further point to the importance of 
collection, transfer, and transport. The first, Beijing, 
China, describes a modern waste management system 
with little recycling. The second, Toronto, Canada, has 
significant recycling. 

Current situation: Beijing, China 

Beijing had an urban population of approximately 
13.33 million in 2006 [40]. The average generation 
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Waste Collection and Transport. Figure 5 

Beijing MSW system. Adapted from Zhen-Shan [40] 


rate of MSW in 2006 was 0.85 kg/capita/day. MSW 
generation in Beijing City increased from 1.04 million 
tons in 1978 to 4.134 million tons in 2006. Waste was 
predominately food waste (63.39%), followed by paper 
(11.07%), plastics (12.7%), and dust (5.78%), with all 
other wastes (tiles, textiles, glass, metals, and wood) 
accounting for less than 3%. In 2009, 90% of MSW 
generated in Beijing was landfilled, 8% incinerated, and 
2% composted. Figure 5 is a schematic of the waste 
management system. Separate collection was available 
as a demonstration project to approximately 4.7 mil¬ 
lion people until 2007. Important MSW characteristics 
included moisture (61%), combustible waste (92%), 
recyclable waste (25%), compostable waste (77%), 
and low calorific value (4,600 kj/kg). Though the frac¬ 
tion of the combustible waste is high, the low calorific 
value and high moisture content indicate that inciner¬ 
ation would be ineffective without fuel addition or 
diversion of wet materials. 

In 2006, Beijing City expended approximately $243 
million on MSW management. Staffing accounted for 
$108 million, followed by waste collection-transportation 
($47 million), treatment ($33 million), street sweeping 
($32 million), equipment maintenance and repair 
($18 million), and other costs ($6 million). There were 
six transfer stations in Beijing, where waste was com¬ 
pressed and transferred to more efficient vehicles for 
transport to landfills or incineration/composting 


facilities. At two transfer stations, waste was separated 
for recycling. There were 13 landfill sites and four incin¬ 
eration/composting plants, with a total designed capacity 
of 10,350 tons/day. At the end of 2005, there were 1,242 
formal recycling sites in Beijing City, including 704 com¬ 
munity-based sites and 538 floating sites. Approximately 
1.6 million tons of materials were recycled in 2006, 7.3% 
higher than in 2005, including 0.36 million tons of paper, 
0.87 million tons of metal, 0.17 million tons of plastic, 
and 0.08 million tons of glass. There were approximately 
300,000 people living off the proceeds of waste recycling. 
Materials recycled by waste pickers were worth $0.44 
million. The waste management system is shown 
in Fig. 5. 

Aeration was the most popular method for odor 
control in separation workshops. Sprinklers are used to 
control dust. Approximately 50 tons of wastewater 
(including leachate and sewage) were generated each 
day at the transfer station with recyclables recovery. 
Leachate was mainly from waste compression and 
dust control water. An anaerobic-anoxic-aerobic reac¬ 
tor followed by a membrane filtration was used to treat 
the leachate. 

Asuwei was the oldest and biggest landfill site, with 
a design capacity of 2,000 tons/day. Approximately 
5,000 m 3 of landfill gas was generated every day in 
2006. Before 2001, landfill gas was discharged. As of 
2009, it is used to generate electricity. 
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Future Simulations: Toronto, Canada 

Diaz and Warith [41] applied the Waste Analysis Soft¬ 
ware Tool for Environmental Decisions (WASTED) 
model - which provides a comprehensive view of the 
environmental impacts of MSW management systems - 
to Toronto, Canada. The model includes waste collection, 


material recovery, composting, energy recovery, and 
landfilling. WASTED uses compensatory systems to 
account for avoided environmental impacts. Upstream 
compensation incorporates the effects of processes 
that precede the waste management system (e.g., raw 
material extraction), while downstream compensation 
incorporates environmental effects of processes that 


Waste Collection and Transport. Table 3 Waste Analysis Software Tool for Environmental Decisions (WASTED) results for 
Toronto, 2001 to 2021 [41] 



Collection/transport 

Recycle 

Compost 

Landfill 

Total 

MSW Tonnes managed 

1.956E10 7 

5.585E10 6 

1.905E10 6 

1.207E10 7 

1.956E10 7 

Energy consumed (GJ) 

7.104E10 9 

3.641 El 0 8 

2.875E10 6 

4.700E10 8 

7.941 El 0 9 

Air pollutants 

Total C0 2 (ton) 

6.024E10 5 

-2.010E10 7 

2.096E10 6 

2.446E10 6 

— 1.495E10 7 

Non-biogenic C0 2 (ton) 

6.024E10 5 

-2.010E10 7 

—3.483E10 5 

— 1.135E10 6 

—2.098E10 7 

CH 4 (ton) 

7.246E10 2 

-5.481 El 0 3 

2.932E10' 1 

3.250E10 5 

3.202E10 5 

C0 2 equivalent (ton) 

6.177E10 5 

-2.021 El 0 7 

2.096E10 6 

9.270E10 6 

—8.227E10 6 

Non-biogenic C0 2 equivalent (ton) 

6.177E10 5 

-2.021 El 0 7 

—3.483E10 5 

5.689E10 6 

— 1.425 El 0 7 

NO x (ton) 

4.233E10 3 

—2.983E10 4 

1.713 

— 1.781 El 0 3 

—2.738E10 4 

VOC s (ton) 

1.861 El 0 3 

3.039E10 4 

3.238E10 3 

2.732E10 3 

3.822E10 4 

SO x (ton) 

1.147E10 3 

—2.362E10 4 

4.643E10 -1 

—4.423E10 3 

—2.690E10 4 

PM (ton) 

3.360E10 2 

-8.417E10 3 

1.360E10 -1 

—4.485E10 2 

—8.529E10 3 

HCI (ton) 

1.113E10 -2 

3.200E10 4 

0.000 

—2.626E10 2 

3.174E10 4 

Pb (ton) 

2.631 El O' 2 

21.428 

1.035E1CT 5 

-17.277 

41.77 

Cd (ton) 

2.083E10 -3 

4.074 

0.000 

-49.136 

-45.060 

Hg (ton) 

8.468E10 -4 

2.574E10 -3 

3.421 El O' 7 

—3.623E10-2 

—3.280E10-2 

NH 3 (ton) 

0.000 

0.000 

7.237E10 2 

0.000 

7.237E10 2 

Dioxins (kg) 

2.676EKT 12 

3.718E10 -9 

3.162E10 -16 

-4.468EKT 8 

-4.096EKT 8 

H 2 S (ton) 

0.000 

0.000 

0.000 

42.731 

42.731 

Water pollutants 

BOD (kg) 

7.956EKT 1 

1.248E10 3 

3.220E1CP 4 

2.321 El 0 6 

2.323E10 6 

COD (kg) 

7.956E10 -1 

1.248E10 3 

3.220E10" 4 

3.316E10 6 

3.318E10 6 

Pb (kg) 

9.472E10' 2 

0.425 

3.824EKT 5 

8.414 

8.934 

Cd (kg) 

1.023E10 -2 

— 1.748E10 2 

4.139E10 -6 

11.055 

— 1.637E10 2 

Hg (kg) 

9.738E1CT 5 

1.054E10 -4 

3.938E10 -8 

0.131 

0.131 

NH 3 (ton) 

0.000 

0.000 

0.000 

2.211E105 

2.211 El 0 5 

Dioxin equivalent (ton) 

0.000 

-6.271 El 0~ 5 

0.000 

0.000 

-6.271 El O' 5 


w 
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take place after the waste management (e.g., avoided 
fossil fuel consumption from energy recovery from 
waste). 

Diaz and Warith [41] applied the WASTED model 
to the city of Toronto, Canada from 2001 to 2021 
(Table 3). From the table, one can see that collection 
was responsible for a majority of the energy consump¬ 
tion and significant portions of GHG emissions and 
other gas emissions and water pollutants. The authors 
also compared the results to the outcomes from two 
previous models, the Integrated Waste Management 
Model for Municipalities (IWM), and the Waste 
Reduction Model (WARM). While the models were 
in general agreement, fairly large differences were 
reported, indicating the importance of the underlying 
assumptions in the LCA models. 

Future Directions 

Waste collection and transport need to be made more 
efficient to conserve more natural resources and emit 
fewer pollutants, including green house gases. One way 
this can be done is to use the many optimization algo¬ 
rithms already developed, in conjunction with geograph¬ 
ical information and global positioning systems, to 
design more efficient routes. Improvements can also be 
made to collection and transport vehicles, reducing fuel 
consumptions and pollution emissions. Greater use of 
trains and ships for transport, where appropriate, should 
also be pursued. Waste collection improvements will 
include the spread of recycling to more communities in 
more countries, through curbside and drop-off collection 
programs. This will require more material recovery facil¬ 
ities. As landfills become larger and, on average, more 
distant from waste generation points the use of efficient 
transport vehicles becomes more important. 
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Glossary 

Waste diversion Directs garbage away from 
landfills or incinerators through reuse, recycling, 
composting, or gas production through anaerobic 
digestion. Waste diversion is a key component of 
effective and sustainable waste management. 

Waste management The process of collecting, 
processing, and disposing of waste. 

Extended producer responsibility (EPR) Entails 
making manufacturers responsible for the entire 
life cycle of the products and packaging they pro¬ 
duce based on the “polluter pays principle.” 

Waste prevention (aka Source reduction) Refers 
to changes in the design, manufacturing pro¬ 
cess, purchase, or use of materials or products 
that reduces their contribution to the waste 
stream. 
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Definition of the Subject and Its Importance 

Waste diversion or landfill diversion is the process of 
diverting waste from landfill. Diverting waste from the 
landfill is done through recycling, composting, burn¬ 
ing, compacting, etc., to reduce its threat to human 
health and the environment, make it more disposable, 
or capture some of its value [ 1 ]. There is a hierarchy of 
waste diversion that lists diversion methods in order of 
importance, namely, waste prevention (aka source 
reduction), preparing waste for reuse, recycling/ 
composting, other recovery methods such as energy 
recovery from waste and biological transformation 
of waste. 

Introduction 

Without doubt, diverting waste provides a resource 
with a value [1], substituting for virgin resources, 
while conserving the products’ embedded energy, and 
reducing the waste management problems of declining 
landfill space, leachate, and landfill gas. Unfortunately, 
the true value of waste is typically underestimated, 
since placing a value on improved human health or 
environmental quality is difficult [1]. Whether the 
value of waste can be captured will often depend on 
local circumstances, like the cost of labor, equipment, 
energy, and land [ 1 ]. Effective and timely waste diver¬ 
sion policies are needed to ensure the value is seen and 
help correct the various problems associated with the 
waste management sector. Waste diversion helps to 
resolve many of the problems facing waste manage¬ 
ment including declining landfill space, leachate, land¬ 
fill gas, and toxins and gases emitted as a result of 
incineration. 

Hierarchy of Waste Diversion 

There is a hierarchy of waste diversion, which lists 
broad waste management measures in order of their 
importance [2]. The measures from greatest to least 
importance are waste prevention (aka source reduc¬ 
tion), preparing waste for reuse, recycling/composting, 
other recovery (such as energy recovery from waste) 
and biological transformation of waste [2, 3]. The EU 
Directive on Waste stipulates that the following of the 
hierarchy should avoid human health hazards and 
environmental damage [2]. 


Source Reduction 

Source reduction refers to changes in the design, 
manufacturing process, purchase, or use of materials 
or products that reduces their contribution to the waste 
stream [3]. It has been observed that source reduction 
is the best way of decreasing greenhouse gas emissions 
from the waste sector and decreasing overall waste 
generation [3, 4]. Reusing materials or products is 
considered a kind of source reduction as it frees 
space in landfills for other waste and prevents the 
creation of new materials or products to be used in 
their place [3-5]. 

Extended producer responsibility (EPR) pro¬ 
grams, which are programs designed so that pro¬ 
ducers bear the financial burden of the disposal of 
their products, is another type of source reduction 
technique [3, 6]. This tactic attempts to relieve local 
governments of the costs of managing certain prior¬ 
ity products by forcing manufacturers to internalize 
the cost of recycling within the product price. EPR 
promotes that producers (usually brand owners) 
have the greatest control over product design and 
marketing and therefore have the greatest ability 
and responsibility to reduce toxicity and waste. In 
this way, EPR shifts responsibility for waste from 
government to private industry, obliging producers, 
importers, and/or sellers to internalize waste man¬ 
agement costs in their product prices and ensuring 
the sustainable and safe handling of the remains of 
their products [7]. 

Recycling 

Recycling refers to taking used materials and creating 
new products in order to prevent the disposal of these 
products in landfills. Recycling material can include 
glass, paper, metal, plastic, textiles, and electronics. 
Because recycled materials can act as substitutes for 
raw materials in many manufacturing processes, 
recycling helps to reduce the amount of raw materials 
extracted and processed [3, 6], which results in several 
favorable outcomes. First, for instance, since recycling 
aluminum requires far less energy than extracting and 
processing virgin aluminum, making aluminum cans 
from recycled aluminum rather than virgin aluminum 
reduces emissions by 94% and energy use by 93% [3]. 
Second, since recycled materials are not sent to 
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landfills, recycling opens up space in landfills for other 
waste [3, 5]. 

Ferrara and Missios [8], for instance, investigated 
the relationship between recycling policy options and 
recycling behaviors and came to many of the following 
important findings [9]: 

1. User fees for waste disposal increases recycling 
intensity; however, user fees may lead to illegal 
dumping. 

2. Weekly recycling has a positive effect on the 
recycling of glass, aluminum, and toxic chemicals, 
but has a negligible effect on the recycling of news¬ 
paper, plastic bottles, tin cans, and cardboard. This 
result is consistent with the idea that recycling 
intensity increases when it occurs concurrently 
with waste collection, that is, when recycling is 
more convenient. 

3. Offering free units under a use fee program for 
waste disposal negatively impacts recycling. 

4. Limiting the number of bags at the curb has 
a negligible impact on recycling. 

5. Promoting curbside recycling increases the rate of 
non-curbside recycling (i.e., the recycling of toxic 
materials). 

6. For most materials, education level does not 
significantly affect recycling intensity, except for 
university undergraduate and/or postgraduate 
degrees, which increases the intensity of newspa¬ 
per, aluminum, tin can, and toxic chemical 
recycling. Education has a positive impact on 
the recycling of glass above a high school 
degree. 

7. Recycling generally decreases as income increases 
for newspaper, plastic, and toxic chemicals. This 
may occur because as income increases, time is 
more valuable to the recycler. 

8. Home ownership is strongly, and positively, corre¬ 
lated to recycling. This suggests that homeowners 
are more attached to their community and/or are 
more concerned about their neighbors’ perception 
of them, causing them to recycle more. 

Although these behavioral traits are associated 
with recyclables rather than organics, these findings 
should apply to how people would react to the 
implementation of specific organic waste disposal 
programs. 


Biological Treatment: Composting and Anaerobic 
Digestion 

In addition to reusing materials waste products can go 
through biological treatment, which is the breaking 
down of material through the action of microorgan¬ 
isms. There are two types of biological treatments: 
anaerobic digestion and composting. Materials are bro¬ 
ken down to carbon dioxide, water, and biomass. Some 
materials easily break down, others do not. The envi¬ 
ronment in which the material is placed determines the 
speed of breakdown. 

Organic Waste 

Organic waste is comprised of food/kitchen waste, 
yard waste, and paper [9, 10]. Organic waste amounts 
to almost 40% in high- and middle-income countries 
and roughly 30% in low-income countries by weight 
of municipal solid waste [10]. This portion of munic¬ 
ipal solid waste is largely responsible for leachate and 
landfill gas problems [11]. In landfills, organic wastes, 
including food waste and yard waste, undergo anaer¬ 
obic decomposition to produce various gases, includ¬ 
ing methane [3, 11, 12]. Landfill gas capture for energy 
recovery is used in many places, since methane is an 
excellent source of energy when combusted [3, 13]. 
Methane capture for energy recovery is useful 
because, although carbon dioxide is produced by 
the combustion of methane, carbon dioxide is 
a much less potent greenhouse gas than methane 
[3, 6, 11, 12]. 

Therefore, preventing or limiting organic waste 
from entering landfills would help to solve these prob¬ 
lems [10]. There are several benefits to composting the 
organic portion of the waste stream. According to 
Gautam et al. [ 10] , these benefits include the following: 

1. Backyard and midsize composting at the source 
reduces the amount of waste to be collected and 
transported to landfills. 

2. Composting reduces the production of leachate 
and landfill gas, which are both harmful to the 
environment. 

3. Composting increases the life of landfills. 

4. Composting and recycling result in a relatively inert 
waste stream going into landfills so that landfills 
require less daily cover, less equipment and labor 
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during operation, and reduced monitoring after 
closure. 

5. Composting produces a useful soil conditioner 
with some fertilizer value that can often be 
sold. 

6. Composting is one of the least expensive methods 
of dealing with organic waste. 

7. Composting can significantly help municipalities 
achieve waste diversion targets. 

It is probably impossible to draw general conclu¬ 
sions regarding the economics of waste management 
options [14]. Chynoweth et al. (1992) propose that, for 
the organic fraction of MSW, anaerobic digestion is 
better than aerobic composting because aerobic 
composting requires aeration or mixing, and anaerobic 
digestion produces a valuable fuel gas, in addition 
to compost [15]. Braber (1995) found that the anaero¬ 
bic digestion of the organic fraction of MSW is 
slightly more expensive than aerobic composting [14]. 
In Indonesia, Aye and Widjaya (2006) estimate 
that composting in a centralized facility (CPC) is 
more cost-effective and environmentally friendly than 
composting in small, labor-intensive local facilities 
(CPL), producing biogas and compost simultaneously 
(BGP), engineering landfills for landfill gas capture to 
produce electricity (LFE), and business as usual (open 
dumping). Aye and Widjaya (2006) found that the 
benefit-cost ratios for CPC, CPL, BGP, and LFE were 
2.2, 1.4, 1.3, and 1.03, respectively [16]. In contrast, 
Renkow and Rubin (1998) found from a survey of 
MSW composting facilities that their operating costs 
are generally around $50 US per ton and that the 
majority of facilities receive no revenue from their 
compost [17]. 

Future Directions 

The more widely waste diversion options are avail¬ 
able (to residents in single-family households and 
multifamily buildings and to the institutional, 
commercial, and industrial sectors) the easier it is 
to reach a high diversion rate. For this, policy and 
legislation are essential that support waste diver¬ 
sion efforts. Municipal bylaws limiting waste dis¬ 
posal, charging for garbage collection, or banning 
divertible materials from landfills can help enforce 
waste diversion practices. Broader policies, such as 


formal state, provincial, or municipal waste diver¬ 
sion targets, can also motivate change. 

A number of trends in waste diversion are 
emerging including zero waste commitments, economic 
instruments, and green procurement. Zero waste is 
a long-term commitment to reduce waste through mea¬ 
sures such as extended producer responsibility programs, 
economic instruments to encourage waste reduction, 
green procurement, and product design that includes 
end-of-life management. Economic instruments include 
Pay-As-You-Throw (PAYT) programs that require resi¬ 
dents to pay on a volume basis for the disposal of their 
waste. The program may employ a tag or bag system or 
a cart system. Other economic instruments include 
tipping fee surcharges and fines on contaminated 
loads (waste that has not been source separated). 
Green procurement and consumer education policies 
encourage businesses and residents to reuse more and 
purchase goods with less packaging. For example, 
some communities or states have introduced bans on 
organic waste and different products at the landfill 
and levies on packaging and bottles. This approach 
requires strong education and enforcement to ensure 
a level playing field for businesses and change con¬ 
sumer behavior. 
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Integrated waste management Using a combination 
of all possible means of waste management so as to 
minimize adverse environmental impacts and opti¬ 
mize resource conservation. 

Waste-to-energy (WTE) Recovery of the chemical 
energy contained in used materials by means of 
thermal treatment. 

Definition of the Subject 

The goal of this entry is to establish how an integrated 
waste management system can be part of the solution 
to the emerging crises of climate change and inade¬ 
quate supply of renewable energy for future 
generations. 

Developed and emerging countries societies are 
consuming natural resources at an increasing rate due 
to consumer habits and growing population. There is 
international agreement that a long-term solution to 
the energy and climate change issues must be a low, or 
neutral, carbon energy supply. There is no agreement 
on a solution; however, most discussion focuses 
on solar or wind energy and even these options 
are opposed sometimes at a local level. Waste is a 
resource that, when managed correctly with commer¬ 
cially proven technologies, can also be a sustainable 


source of renewable energy and contribute to green¬ 
house gas mitigation. 

The waste hierarchy adopted by the European 
Union [1] and the US Environmental Protection 
Agency (USEPA) [2] provides a practical guideline for 
understanding general waste management priorities. 
Information provided in this entry quantifies the 
value of an integrated waste management system com¬ 
prised of technology solutions including recycling, 
recovery, and disposal. 

Introduction 

The term “integrated waste management system” 
refers to a system that includes a combination of 
management options that provide a stable long¬ 
term solution based on a life-cycle assessment. The 
general principle is to manage the quantity of waste 
in accordance with the waste hierarchy as illustrated 
by Fig. 1. 

The general concept of the hierarchy is that 
the “most sustainable” option is at the top because it 
conserves natural resources, saves or recovers energy, 
and reduces the emission of greenhouse gases. Options 
lower in the table are considered to be less desirable 
because, generally, they are not as effective. 



Waste Management for Sustainable Society. Figure 1 

The hierarchy of waste management [3] 
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Waste reduction and reuse are correctly identified 
as the most preferable solution. However, implemen¬ 
tation of these options requires a policy initiative 
whereas the last three options (recycling, energy recov¬ 
ery, and disposal in landfill) are technology options for 
the waste remaining after waste reduction and reuse 
efforts have been implemented. This sustainability 
evaluation therefore focuses on the technology options. 

In regards to sustainability, the standard reference 

[4] is from the Brundtland commission where sustain¬ 
able development is defined as development that meets 
the needs of the present without compromising the 
ability of future generations to meet their own needs. 
While that definition is a simple and effective metric, it 
does not capture the larger concept used by leading 
sustainability organizations that address a broad 
range of sustainability challenges, such as global 
climate change, dwindling resources, water scarcity, 
and the lack of available low carbon power options 
that are acceptable to society. 

Principles Versus Practice 

National and international organizations have deter¬ 
mined that waste is a resource that when managed prop¬ 
erly can provide a wide range of benefits to society, 
including preservation of natural resources, clean energy, 
reduction of greenhouse gas emissions, and stable long¬ 
term jobs that provide a community with a stable econ¬ 
omy. The best example of a regulatory framework that 
considers waste as a resource is European Union Direc¬ 
tive 2008/98 that establishes the waste hierarchy as 
a function of their Sixth Environmental Programme 

[5] . USEPA’s 2009 report also determined that proper 
materials management can provide greenhouse gas 


mitigation while also yielding multiple environmental, 
human health, and economic benefits for communities 
and the nation; however this position has not been 
implemented as a matter of policy, legislation, or 
regulation. 

Despite the abundant and growing analysis that 
supports management of MSW as a resource, and 
the progress made by the European Union (EU), the 
practices of many countries lag behind. Table 1 presents 
the amount of MSW managed by recycling, energy recov¬ 
ery, and landfills in three major areas of the world; North 
America, the European Union, and East Asia which is 
primarily China. These areas were selected due to readily 
available information on each and because each area is 
unique relative to waste management strategies. 

Europe is the only area moving toward an inte¬ 
grated waste management system with Germany lead¬ 
ing the effort with over 30 years of legislative efforts 
to change their waste management system. North 
American values are largely driven by the USA where 
there has not been a policy or regulatory driver to 
change the strong dependence on landfills. East Asia 
is interesting for several reasons. China is one of the 
world’s largest economies and has adopted a policy to 
divert MSW from landfills by providing waste-to- 
energy capacity. China also influences the demand for 
recycled commodities, with both North America and 
Europe sending a majority of separated materials to 
China for transformation to recycled products. 

The potential to diversify waste management 
on a national basis is demonstrated by several Euro¬ 
pean Union (EU) Member States. Information from 
Eurostat [7] has been used to construct 10-year trends 
that illustrate how different paths toward advanced 
waste management have been followed. Note that the 


Waste Management for Sustainable Society. Table 1 Allocation of MSW for existing practices 


Reference information 

Tons of MSW a 

Percent of total 

Region 

2004 a 

Landfill 

EfW 

Recycle 

Landfill 

EfW 

Recycle 

European Union 

379 

220 

46 

99 

58 

12 

26 

North America 

371 

252 

22 

96 

68 

6 

26 

East Asia 

442 

345 

53 

44 

78 

12 

10 


a MSW values (as million tons) and allocation as % of total is from [6] 
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Eurostat data is available for several years; however 
subsequent analysis presented herein is largely based 
on 2004 information which includes recycling data for 
conventional commodities (glass, paper, metals, plas¬ 
tic) and compost. It should be noted that waste man¬ 
agement in the EU is, to some extent, driven by landfill 
diversion targets set out in the Landfill Directive. Also, 
the recent revision to the Waste Framework Directive 
requires a minimum of 50% overall recycling by 2020. 

Figure 2 presents the average results for the 27 Mem¬ 
ber States and the general trend where MSW is being 
diverted from landfills to recycling and to a lesser extent 
to WTE. Figures 3 and 4 present results for Germany 
and the Netherlands respectively, two countries that 
have a long-term history of leading Europe in waste 
management and environmental concerns in general. 
Figures 5, 6, and 7 demonstrate trends in Spain, Italy, 
and Greece. Each has a relatively constant % of MSW 
being managed by WTE with Spain and Italy showing 
a growth in recycling due to diversion of MSW from 
landfills. Greece shows limited growth in recycling with 
no MSW being managed at a WTE facility. 


Table 2 presents waste management data for the 
USA from two different sources. One set is from the 
USEPA’s annual solid waste report [8] with the second 
set being reported by Biocycle [9, 10]. USEPA results 
are based on a survey of manufacturing information 
with waste generation rates being estimated from con¬ 
sumption rates of resources whereas Biocycle data is 
based on surveys completed by solid waste departments 
from all 50 states using data reported by waste man¬ 
agement operations. The significant difference in 
results is largely attributable to the large difference in 
MSW landfilled in the USA, with USEPA estimating 
135 million tons in 2008 and Biocycle estimating 265 
million tons. Biocycle data is considered to be more 
useful and accurate and is in fact used by the USEPA in 
its greenhouse gas inventory report [11]. An indepen¬ 
dent analysis of USEPA reported values [12] concluded 
that the actual recycle rate is 27.8% when adjusting 
values to exclude commercial and industrial materials. 

There is insufficient data to track long-term perfor¬ 
mance of the three waste management options in 
China. 



Waste Management for Sustainable Society. Figure 2 

Waste management activities: EU 27 
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Waste Management for Sustainable Society. Figure 3 

Waste management activities: Germany 



Waste Management for Sustainable Society. Figure 4 

Waste management activities: Netherlands 
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Waste Management for Sustainable Society. Figure 5 

Waste management activities: Spain 



Waste Management for Sustainable Society. Figure 6 

Waste management activities: Itlay 
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Waste Management for Sustainable Society. Figure 7 

Waste management activities: Greece 


Waste Management for Sustainable Society. Table 2 Waste management in the USA: 2000-2007 


Reference Year 3 

Source Option 2000 2005 2007 


EPA 

Recycling and composting 

28.6 

31.6 

33.3 

WTE 

13.9 

12.5 

12.5 

Landfill 

57.5 

55.9 

54.2 

Biocycle 

Recycling and composting 

32 

28.5 

28.6 

WTE 

7 

7.4 

6.9 

Landfill 

61 

64.1 

64.5 


a Biocycle data from 2004 are used in 2005 and from 2006 in 2007 to enable a comparison 


Observations from long-term Eurostat and USEPA 
data are: 

• The most recent average recycle rate for the EU’s 
27 member States (41.5%) is significantly greater 
than the average USEPA adjusted factor (27.8%) 
and Biocycle s (24%) factor. 

• The USA continues to landfill the majority of its 
MSW although it is generally recognized to be the 
least sustainable alternative according to waste 
hierarchies. 


• A national program, such as the EU’s landfill direc¬ 
tive and the Waste Framework Directive, can be the 
catalyst that forces a change in behavior to direct 
MSW from the low cost disposal alternative. 

• Even in the presence of a binding Directive, certain 
countries have ignored compliance. 

• The recycle rate is not impeded by the presence of 
WTE whether it is a low or moderate value, further 
supporting the position that recycle rates are depen¬ 
dent on a national policy and not the presence of a 
WTE industry. 


w 
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Waste Management for Sustainable Society. Table 3 Comparison of primary input and outputs of WARM and MSW-DST 


Parameter 

Units 

MSW-DST 

WARM 

Input options 

Energy recovery 

kWh/MMBtu input 

Variable 

Constant 

Efficiency of landfill gas collection 

% 

Variable 

Constant 

Oxidation of methane by soil 

% 

Variable 

Constant 

Carbon grit intensity 

kg C0 2 /kWh 

Variable 

Constant 

Carbon storage 

kg C/kg MSW 

Variable 

Constant 

Output values 

Energy saved/consumed 

MMBtu 

Yes 

Yes 

Greenhouse gas emissions 

Tons 

Yes 

Yes 

S0 2 , NOx, particulate 

Tons 

Yes 

No 

Solid waste 

Tons 

Yes 

No 

Water discharges 

Tons 

Yes 

No 


Life-Cycle Assessment (LCA) Methodology 

The European Union formulates environmental direc¬ 
tives according to a thematic strategy that is a multidis¬ 
ciplinary plan to assure that directives consider the big 
picture and interrelationship between different media 
including air, water, waste, toxics, etc. Their Integrated 
Pollution Prevention and Control [13] is an example of 
the multidisciplinary approach to decision making and 
introduces the concept of a life-cycle assessment (LCA) 
into the decision making process. A LCA is a long-term 
multidisciplinary evaluation methodology to assure 
that long-term implications are considered when 
selecting an option. 

LCA methodology for waste management is 
endorsed by a variety of groups (USEPA, IPCC, 
Ceres) with there being a wide variety of LCA compu¬ 
tational programs available in the market. The USEPA 
has two LCA’s available for public use, the Waste 
Reduction Model (WARM) [14] and the Municipal 
Solid Waste Decision Support Tool (MSW-DST) [15]. 
EPA is currently reviewing each of these with a goal of 
creating consistency between the two. Table 3 provides 
a general comparison of the two and where they are 
different. 


Evaluation of an Integrated Waste Management 
System 

The following sections address several of the major 
parameters that warrant consideration when evaluating 
and/or designing an integrated waste management 
system. 

• Energy - does the proposed system provide 
energy recovery, energy savings, or is it a sink? 

• Greenhouse gases - does the proposed system 
provide mitigation (reduction) of greenhouse 
gases (GHGs) or is it a source? 

• Land Management - can the proposed system be 
located in close proximity to the point of waste 
generation and what are the long-term impacts? 

• Air emissions - does the system and its components 
provide for mitigation of air emissions including air 
toxics? 

Energy is addressed first because it is a key parameter 
in determining the GHG and air emission characteristics. 

Energy 

A two-step approach is used to present and evaluate 
the energy parameter. Step 1 identifies the energy 
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savings/sink for specific components managed by var¬ 
ious waste management options. Step 2 applies these 
component-based factors to national inventories as 
a means to present the energy recovery/savings for an 
integrated waste management system. A similar 
sequence is also followed with greenhouse gas (GHG) 
emissions in order to understand the relationship 
between energy and GHG emissions. 

Derivation of Energy Factors 

Primary energy represents all of the energy consumed, 
including the energy required to produce, generate, 
distribute, and transmit the electricity, petroleum, 
and natural gas used. This metric is used by the Inter¬ 
national Energy Association (IEA) and the US Energy 
Information Administration (ElA) and is well suited to 
compare different waste management options which 
generate electricity (WTE 8c LFGTE) and save electric¬ 
ity and fuels (recycling). 

The primary energy savings or consumption for the 
three options was determined by USEPA for various 
waste components and composites through a life-cycle 
assessment (LCA). Table 4 presents USEPA’s LCA 
energy factors [16] for various components managed 
by recycling, EfW, and landfills, with landfills being 
characterized by three types: vents (no gas collection 
and no energy recovery), flare (gas collection but no 
energy recovery), and energy (gas collection and energy 
recovery). 


These energy factors are approximately 15-20 years 
old at this time and represent assumptions and oper¬ 
ating conditions that may not necessarily represent 
existing conditions [16]. Several of the key parameters 
that should be considered when applied to a current 
situation are identified below according to the waste 
management option. 

Recycling 

1. There is one energy factor for a certain commodity 
regardless of its actual physical condition. As an 
example, there may be little variability in the energy 
savings when recycling aluminum cans, however, 
there may be significant differences when consider¬ 
ing the variable quality of separated cardboard and 
paper, whether by contamination or being mixed 
with other materials. As a result - there is only one 
energy factor whether a country is separating 20% 
or 65% of a commodity. 

2. Processes used to transform a separated commodity 
are likely to have changed in the last 20 years, how¬ 
ever, any usullout danger the net energy difference 
between deriving a product from used and recovered 
items versus raw natural resources are not considered. 

3. A large fraction of materials separated for “recycling” 
in North America and Europe are actually being 
“recycled” in China. The impact of energy savings 
in China versus other manufacturing locations is not 
considered by the USEPA factors. 


Waste Management for Sustainable Society. Table 4 Energy factors for discrete components and mixed recyclables 
(mmbtu/t) a 


Component 

Recycling 

WTE 

LF-vent 

LF-Flare 

LF-Energy 

Aluminum cans 

-206.42 

0.65 

0.53 

0.53 

0.53 

Steel cans 

-19.97 

-17.09 

0.53 

0.53 

0.53 

HDPE 

-50.90 

-19.61 

0.53 

0.53 

0.53 

Cardboard 

-15.05 

-7.21 

0.53 

0.53 

-0.56 

Office paper 

-10.08 

-6.95 

0.53 

0.53 

-1.31 

Mixed recyclables 

-16.57 

-7.22 

0.53 

0.53 

-0.27 

Compost 

0.58 

-2.32 

0.53 

0.53 

-0.01 

Recyclables and compost 

-11.92 

-5.89 

0.53 

0.53 

-0.20 


a Source WARM 10 using default values [14] 
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Waste-to-Energy (WTE; or Energy from Waste, EfW) 

USEPA’s factors are based on operating characteristics 
of WTE facilities 20 years ago when the evaluation was 
completed. As a result, the estimated energy generation 
from WTE in WARM is low for several reasons: 

1. Net energy distributed to the grid is based on 
a nominal thermal energy efficiency of 18% which 
is quite low in comparison to new units in Europe 
and North America that operate at up to 30% 
thermal efficiency (electricity generation only) and 
90% when they also provide steam for local district 
heating. 

2. Nearly all existing WTE facilities and all new WTE 
facilities recover both ferrous and nonferrous 
metals. This increases the energy savings because 
these materials are used in downstream recycling 
operations. 

Landfills USEPA has a separate factor for three dif¬ 
ferent landfill designs: landfill gas collection with vents, 
collection and flaring, and collection with combustion 
in a reciprocating engine. There are no expected 
changes to energy savings for landfills with vents or 
flares, however, a landfill that recovers more gas should 
yield more energy per ton of MSW buried. The absence 
of verifiable and proven long-term collection efficien¬ 
cies and power generation make any improvements in 
energy generation speculative. 

The results in Table 4 follow a logical pattern when 
evaluating component specific factors. As an example, it 
is common knowledge that recycling aluminum saves 
large amounts of energy but aluminum is a small weight 
percent of MSW and does not have much of an influence 
on a standard basket of mixed recyclables where the 
results are driven by large amounts of paper, plastic, 
and cardboard. A different and independent analysis by 
the Earth and Environmental Engineering Department of 
Columbia University [17] yielded similar results using 
a Resource Conservation Efficiency (RCE) metric that 
also placed energy savings of recycling ahead of WTE 
with landfills being in last place. 

The energy factor associated with recycling repre¬ 
sents the energy impact of collecting, processing, and 
remanufacturing the component. The “mixed recycla¬ 
bles” factor is based on USEPA’s weight distribution 
which is limited to conventional materials including 


paper, glass, metals, and plastic. Compostable materials 
are treated as a separate line item and then combined 
with mixed recyclables. 

Several major observations regarding Table 4 are: 

• According to this data base, the ratio of energy 
saved by recycling to EfW is 2.2 for a mixed basket 
of recyclables ( — 16.57/—7.22) and 2.0 for one 
including both recyclables and compostable mate¬ 
rials (11.92/5.89). This ratio is based on the 
assumptions identified above. 

• The amount of energy saved by recycling is about 
60 times greater than that recovered by a landfill 
with energy recovery whether the waste basket is 
recyclables (16.57/0.27) or recyclables and compost 
(11.92/0.2). Landfill with vents and flares are energy 
sinks (consume energy). This makes sense when 
considering the energy required for transportation 
and landfill management over the nominal 100 year 
anaerobic decomposition period for MSW. 

• The amount of energy recovered/saved by EfW 
is 27-30 times more than landfills with energy 
recovery when considering recyclables or recycla¬ 
bles and compost. 

The lifecycle assessment factors in Table 4 from 
USEPA’s WARM model the different time requirements 
for each option. Both recycling and EfW are relatively 
short-term processes with EfW being a nominal 1-h 
process after MSW is charged to the grate. Recycling is 
also a short-term process when considering the time to 
transfer separated components to a transformation 
process where those components are converted to 
a recycled commodity. Landfills are very long-term 
processes due to the nominal 100 year anaerobic 
decomposition process. Landfills with gas collection 
and energy recovery generate electricity for export for 
a certain period when gas collection is of certain quan¬ 
tity and quality (25-35 years), however, there are 
energy demands for the entire life of the landfill. Inde¬ 
pendent analysis estimate that an average existing EfW 
facility generates 10 times the electricity delivered to 
the grid than a landfill gas to energy system with new 
EfW facilities using combined heat and power being 
significantly greater. As noted above, USEPA’s LCA 
energy analysis demonstrates that a typical EfW is 
27-30 times more effective than a landfill gas to energy 
option. 
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Application of Energy Factors 

The approach used herein to assess the primary energy 
savings from an integrated waste management system 
is to compare results from two scenarios: Business as 
Usual (BAU) which is the situation today in each geo¬ 
graphic area and a Sustainability Scenario (SUS) where 
an integrated waste management system is used 
with waste allocated according to the hierarchy. This 
approach allows a direct estimation of the energy 
benefits today if society simply changed the way it 
manages MSW. Table 5 presents the total amount of 
MSW (as millions of tons) and the percentage managed 
by each option. The BAU values are derived from 
a variety of sources whereas the distribution of MSW 
in the SUS scenario is based largely on the current 
situation in Germany where they have managed to 
achieve a nominal 65% recycle rate. The recycle rate 
in Germany (which is based on separating conventional 
materials (paper, plastic, metals, glass, cardboard, and 
composting) is the best in the EU. 

The three examples (EU, USA, and East Asia 
(China)) were selected for several reasons: 

• The EU provides the longest regulatory effort to 
advance recycling on a large scale. However despite 
several countries leading the way, the average value 
demonstrates that there is still room for improve¬ 
ment albeit less that the other two areas. 

• The population and total waste of North America 
and the EU is about the same but the management 
of MSW is very different with the USA having 
a relatively stagnant waste management system com¬ 
pared to the European Union where diversion of 
MSW from landfills is considered to be a sustainable 
solution. 


• China is the world’s largest generator of MSW and 
has already demonstrated that its market, or absence 
thereof, for separated components can influence 
reported recycle rates. China, like the European 
Union, has also determined that landfills are the 
least sustainable option and is moving toward 
a sustainable integrated waste management system, 
however, they have not established a goal similar to 
Germany’s operating condition, therefore there con¬ 
tinues to be significant room for improvement. 

Table 6 presents a comparison of the energy savings 
of the BAU and SUS Scenario using MSW rates listed in 
Table 5. 

In order to provide some perspective on the mag¬ 
nitude of Quads, the Department of Energy [18] esti¬ 
mated the USA’s 2008 energy use as 99.2 Quads with 
Table 7 providing a breakdown of that usage and the 
amount allocated to generating electricity. 

Several observations regarding Tables 5, 6, and 7: 

• Despite landfills being an energy sink - the majority 
of MSW in the EU, USA, and China is landfilled. 

• Diversion of MSW from landfills to recycling and 
EfW provides a significant energy savings through 
the use of existing technology. 

• The total energy savings of 2.2 Quads in the USA 
from the SUS Scenario is approximately 2.2% of 
the total energy use in the USA and 5.6% of that 
allocated to generating electricity. Approximately 
2.2 Quads is the amount from hydro facilities and 
could offset a large fraction of electricity from coal 
and natural gas generation. 

The amount of potential energy that can be saved/ 
recovered from a sustainable allocation of MSW is 


Waste Management for Sustainable Society. Table 5 Allocation of MSW for business-as-usual (BAU) and sustainability 
scenario (SUS) 


Reference information 

BAU scenario 

SUS scenario 

Region 

2004 a 

Landfill 

EfW 

Recycle 

Landfill 

EfW 

Recycle 

Europe 

379 

58 

12 

26 

12 

23 

65 

North America 

371 

68 

6 

26 

12 

23 

65 

East Asia 

442 

78 

12 

10 

20 

40 

40 


a MSW values (as million tons) and allocation as % of total is from [6] 
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Waste Management for Sustainable Society. Table 6 Primary energy savings (as Quads) for the business-as-usual (BAU) 
and sustainable scenario (SUS) a 



EU 

US 

A 


C 


a 

MSW option 

BAU 

sus 

Delta 

BA 

U 

I SUS 

Delta 

B 


|sus 

Delta 

Landfill 

0.0 

0.0 

0 

-0.1 

0 

0.1 

-0.1 

0.0 

0.1 

Recycle 

1.2 

2.8 

1.5 

1.1 

3.0 

1.8 

0.5 

3.6 

3.0 

WTE 

0.3 

0.5 

0.3 

0.1 

0.6 

0.5 

0.2 

0.3 

0.2 

Total 

1.5 

3.3 

1.8 

1.1 

3.5 

2.4 

0.7 

3.9 

3.3 


a 1 Quad = 10 15 Btu 


Waste Management for Sustainable Society. Table 7 

Estimated US energy use in 2008 (as Quads) 


Source 

Total 

Electricity generation 

Solar 

0.09 

0.01 

Nuclear 

8.45 

8.45 

Hydro 

2.45 

2.43 

Wind 

0.51 

0.51 

Geothermal 

0.35 

0.31 

Natural gas 

23.84 

6.82 

Coal 

22.42 

20.54 

Biomass 

3.88 

0 

Petroleum 

37.13 

0 

Total 

99.12 

39.07 


significant on an absolute and relative basis. For the 
USA alone, the energy savings is equivalent to over 10% 
of our 2008 total oil imports or equivalent to the coal 
consumption of 63,500 MW coal plants. For the USA, 
Europe, and China together, the energy savings is 
equivalent to the coal consumption of nearly 200 
large 500 MW coal plants. 

An independent analysis by Columbia University 
Scientists evaluated the energy savings with their own 
metric called the Resource Conservation Efficiency 
(RCE) [22] . The RCE metric was applied to two leading 
cities in the USA, San Francisco and Honolulu, to 
evaluate their sustainable use of MSW as a resource 
according to their RCE metric. San Francisco has 
a higher recycle rate (34.4%) than Honolulu (27.2%) 
however 65.6% of MSW was landfilled yielding an RCE 
of 60.4. Honolulu minimized landfill (4.9%) with WTE 


managing 67.9% for a total RCE of 73.1. While Colum¬ 
bia’s RCE metric is a different energy-based approach 
to evaluate sustainable use of MSW as a resource - its 
conclusions are consistent on a component basis and 
when applied to a larger source. 

Subsequent sections consider the environmental 
impacts when diverting MSW from landfills to recycling 
and EfW. 

Greenhouse Gas Emissions 

Overview 

Climate change has been correlated to an increase in the 
concentration of greenhouse gases (GHGs) driven pre¬ 
dominately by anthropogenic emission sources. The most 
comprehensive report on the topic is the Fourth Assess¬ 
ment Report by the Intergovernmental Panel on Climate 
Change (IPCC) that included several key findings appli¬ 
cable to the topic of sustainable waste management: 

• Increases in atmospheric CH 4 concentrations since 
preindustrial times have contributed a radiative 
forcing of +0.48 =b 0.05 W m -2 . Among greenhouse 
gases, this forcing remains second only to that of 
C0 2 in magnitude. 

• Emissions of C0 2 from fossil fuel use and from 
the effects of land use change on plant and soil 
carbon are the primary sources of increased atmo¬ 
spheric co 2 . 

• Current understanding of anthropogenic warming 
and cooling influences on climate has led to a very 
high confidence (at least 9 out of 10 chance) that 
the effect of human activities since 1750 has been 
a net positive radiative forcing of +1.6 (+0.6 to 
+2.4) W m 2 . 
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• It is very likely that anthropogenic greenhouse gas 
increases caused most of the observed increase in 
global average temperatures since the mid¬ 
twentieth century. 

It is readily apparent from these IPCC findings that 
processes that reduce GHG emissions, including emis¬ 
sions of C0 2 and CH 4 , should be preferred relative to 
attempts to capture and sequester GHG emissions after 
they have been generated. In other words, prevention of 
GHG emissions at the source is more effective than 
capturing and controlling GHG emissions. 

Atmospheric measurements have demonstrated 
that the concentration of atmospheric C0 2 has 
increased from a preindustrial value of about 280 to 
379 ppm in 2005 with future concentrations being 
dependent on a variety of complicated factors, one 
key factor being human behavior and the source of 
electrical energy to meet growing demand. In 2004, 
the journal Science published a pivotal paper by Pacala 
and Socolow that simplified the situation by consider¬ 
ing two situations over a 50 year period, one where 
emissions are flat and one where emission increase 
according to the existing rate. This yields a right trian¬ 
gle or “stabilization wedge” with a growth of 7 billion 
tons of carbon over a 50 year period. The right triangle 
could then be broken down into more manageable 
“wedges,” each of which could achieve a reduction in 
GHG emissions of at least 1 gigaton of carbon per year 


(GtC/year) by 2054 [19]). Seven 1 t wedges would 
stabilize carbon emissions. Fifteen stabilization wedges 
were presented in six categories: energy efficiency 
(vehicles, buildings, power plants), fuel shift (switching 
from coal power to nuclear, wind or natural gas), C0 2 
capture and storage, nuclear fission, renewable energy 
(wind, photovoltaic, biogas), and forest and agricul¬ 
tural soils (reduced forestation and tillage). 

Individual waste management options and an inte¬ 
grated system were not considered by this initial effort. 
However, application of an integrated solid waste man¬ 
agement policy based on the waste hierarchy was sub¬ 
sequently identified as a stabilization wedge [6]. 

GHG Emission Characteristics of Waste 
Management Options 

Each of the three waste management options consid¬ 
ered in the energy section has GHG emission charac¬ 
teristics that must be considered in any discussion on 
sustainability. Table 8 presents an overview of the gen¬ 
eral GHG characteristics of each relative to C0 2 and 
CH 4 emissions. 

Table 9, which presents GHG emission characteris¬ 
tics for specific waste components, is organized to be 
consistent with Table 4 which presents the energy fac¬ 
tors for each component. 

The GHG emission characteristics in Table 9 are 
absolute values for each option using a lifecycle 


Waste Management for Sustainable Society. Table 8 Overview of GHG emission characteristics 


Option 

GHG 

Characteristic 

Mechanism 

Recycling and composting 

co 2 

Mitigation 

Energy savings = avoided fossil C0 2 b 


ch 4 

Mitigation 

Avoided landfill CH 4 

Energy from waste 

co 2 

Source 

Combustion of plastics cutler anthropogenic also 


co 2 

Mitigation 

Recovery of metals for recycling saver energy 


co 2 

Mitigation 

Power generation = avoided fossil C0 2 a,b 


ch 4 

Mitigation 

Avoided landfill CH 4 

Landfill (disposal) 

co 2 

Mitigation or source 

Mitigation for landfills with energy recovery - avoided 
fossil C0 2 


ch 4 

Source 

All landfills emit CH 4 with the amount dependent on the 
effectiveness of the landfill gas collection system 


a Does not include energy savings from recovery of metals 
b Does not include upstream emissions from fuel production 
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Waste Management for Sustainable Society. Table 9 GHG emissions as Mg C0 2 e/Mg MSW 


Material 

Recycling 

Energy 

Carbon storage 

Total 

EfW a 

Landfill 15 

Aluminum cans 

-0.37 

0.0 

-3.7 

+0.02 

+0.01 

Steel cans 

-0.49 

0.0 

-0.49 

-0.42 

+0.01 

HDPE 

-0.38 

0.0 

-0.38 

+0.28 

+0.01 

Cardboard 

-0.02 

-0.83 

-0.85 

-0.17 

+0.11 

Office paper 

0.05 

-0.83 

-0.78 

-0.16 

+0.53 

Mixed recyclables 

-0.13 

-0.66 

-0.79 

-0.15 

+0.05 

Mixed MSW 

Not applicable 

-0.04 

+0.41 


a Factor assumes EfW does not include nonferrous recovery 

b WARM version 10 using default values national averages, CH 4 emissions based on 75% collection and C sequestration 


assessment (EPA WARM). Any one megagram (metric 
ton) of MSW or a discrete component can only be 
managed by one option, therefore difference between 
LCA results for two options is the net advantage or 
disadvantage relative to climate change. Observations 
from Table 9 on discrete components and different 
options are: 

• Recovery of both ferrous and nonferrous metals is 
an effective GHG mitigation strategy. 

• Management of paper and cardboard by recycling 
and EfW are GHG mitigation strategies, however, 
the recycling factors represent the high-end of sep¬ 
arated commodities. The energy savings may not be 
the same for lower-end or contaminated materials. 

• Landfills are a net source of GHG emissions even 
when assigning a favorable lifetime landfill gas 
collection efficiency of 75%. 

The two GHG components of recycling, energy and 
carbon sequestration, are presented to highlight the 
value of each mechanism. Recycling is generally recog¬ 
nized as a demonstrated GHG mitigation technology 
because it can reduce GHG emissions at the 
manufacturing stage (saves energy), increase forest car¬ 
bon sequestration, and avoid landfill CH 4 emissions, 
however close inspection shows that, depending on the 
material recycled, the majority of GHG mitigation can 
be from forest carbon sequestration. 

While it is clear that recycling is a preferred man¬ 
agement option for both energy savings and GHG 


mitigation - what is the best option for MSW that is 
not, or cannot be, recycled? Information in Tables 4, 
5, and 6 demonstrated that WTE is the superior alter¬ 
native when considering energy. Table 10 presents 
GHG emission factors on a lifecycle assessment basis 
when using USEPA’s MSW-DST to compare the impact 
of managing one Mg of MSW by either EfW or the 
nationwide blend of landfills in the USA. The MSW- 
DST was used in this analysis because it allows the 
user to vary key parameters (methane generation rate, 
landfill gas collection efficiency, etc.) whereas WARM 
does not. 

Observations from Tables 9 and 10 are: 

• Recycling is a demonstrated GHG mitigation 
technology based on three different processes (save 
energy, forest carbon sequestration, and avoid land¬ 
fill methane) with the exact values depending on 
local conditions. 

• EfW is a demonstrated GHG mitigation technology 
based on energy recovery and avoided landfill 
methane with the exact values also depending on 
local conditions. 

• Landfills are a source of GHG emissions with the 
exact amount being highly variable and dependent 
on sustained long-term performance at the landfill. 

• A comparison of EfW and various landfill options 
demonstrates that EfW reduces GHG emissions 
with the amount being dependent on local 
conditions. 
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Waste Management for Sustainable Society. Table 10 Nationwide life cycle greenhouse gas emission factors for MWC 
versus landfill blend scenarios 3 


Integrated (lifetime) landfill gas 

GHG emissions (Mg C0 2 e/Mg MSW) 

Landfill allocation (50/25/25) 3 

Landfill allocation (40/30/30) b 

collection efficiency 

Lo = 100 

Lo = 170 

Lo = 100 

Lo = 170 

25 

1.44 

2.20 

1.4 

2.14 

35 

1.37 

2.08 

1.32 

2.00 

45 

1.30 

1.96 

1.23 

1.85 

55 

1.23 

1.84 

1.15 

1.71 

65 

1.16 

1.72 

1.06 

1.56 

75 

1.08 

1.66 

0.98 

1.42 


a 50% vent, 25% flare, 25% with energy recovery 
b 40% vent, 30% flare, 30% with energy recovery 


Application of GHG Emission Factors 

Application of an integrated solid waste management 
policy based on the waste hierarchy has been identified 
as a stabilization wedge [6]. The analysis demonstrated 
that if MSW is allocated to recycling, waste-to-energy, 
and landfilling in descending order in lieu of existing 
“business-as-usual” practices with each option using 
modern technology and best practices, the system 
would reduce greenhouse gas emissions by more than 
1 GtC/year. This integrated waste management system 
reduces C0 2 by displacing fossil electrical generation 
and avoiding manufacturing energy consumption and 
methane emissions from landfills. 

As mentioned above, the concept of a stabilization 
wedge is to examine the GHG mitigation over a 50 year 
period on the premise that it takes that much time to 
implement change. Table 11 presents the GHG mitiga¬ 
tion associated with immediate implementation of an 
integrated waste management system using MSW data 
in Table 4. These GHG mitigation results represent 
energy savings described in Table 6. 

GHG mitigation is accomplished by two factors: 
(1) diverting MSW from landfills to recycling and 
EfW and (2) use of technology consistent with existing 
best practices. Diversion of MSW from landfills avoids 
methane emissions and by allocating MSW to recycling 
and EfW, there are significant energy savings and there¬ 
fore avoidance of fossil C0 2 emissions. 


Waste Management for Sustainable Society. Table 11 

GHG mitigation attributable to an integrated waste man¬ 
agement system 


Land area 

GHG mitigation 

Million metric 
tons of C 

Million metric tons as 
C0 2 e 

Europe 3 

40 

148 

North 

60 

220 

America 3 



East Asia 3 

94 

337 

Global 13 

1,009 



a Based on 2004 MSW tonnage and management 
b Based on 2054 MSW tonnage and management 


The original wedge analysis was a global assessment 
that considered a baseline condition and several sensi¬ 
tivity calculations. Table 12 provides an overview of the 
results. 

The GHG mitigation for Europe, North America, 
and East Asia in the Waste Wedge was 0.41 GtC or 
about 41% if the total mitigation when considering 
growth of waste quantities by 2054. An immediate 
reduction of existing MSW in the three geographic 
areas, based on 2004 data, indicates an immediate 
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Waste Management for Sustainable Society. Table 12 

Overview of integrated waste management as 
a stabilization wedge 


Item 

Reference 

Results 
as GtC 

Waste 

wedge 

Baseline using 100-year GWP of 21 

1.009 

A 

After maximizing recycling, 
maximize EfW 

1.094 

B 

After maximizing recycling, 
minimize EfW 

0.763 

C 

Maximize thermal efficiency of EfW 
in Waste Wedge 

1.022 

D25 

Apply 100-year GWP of 25for 
methane instead of 21 

1.153 

D72 

Apply 20-year GWP of 72 for 
methane instead of 21 

2.842 

E 

Include carbon storage factor in 
recycling 

2.132 

F 

Add source reduction in waste 
wedge analysis 

1.251 


reduction of about 0.2 GtC. This is a conservative and 
significant factor. It is conservative because: 

• It is using a 100-year Global Warming Potential of 21 
whereas the IPCC has raised the 100-year GWP to 25 
and others recommend a 100-year GWP of 34 [20]. 

• The 20-year GWP of 72 is more appropriate when 
considering near term actions which can have an 
immediate impact on radiative forcing. 

It is significant when considering the equivalencies. 
According to USEPA’s equivalency calculator, 0.4 GtC is 
equivalent to the annual GHG emissions: 

• Of approximately 350 large coal fired power plants, 

• Of over 285 million automobiles, or 

• From the energy consumption of every home in 
the USA. 

Emissions 

A direct comparison of emission from the three options is 
difficult for a variety of reasons. First, recycling of various 
separated commodities occurs at different operations 
(pulp and papermills, aluminum smelers, arc furnaces, 


Waste Management for Sustainable Society. Table 13 

Overview of monitoring and testing requirements of WTE 



a Not a national federal requirement however facility specific 
permits may include this requirement 


etc.), each of which has a different set of standards in the 
USA, and with much material being exported to China, 
emissions are especially difficult to estimate. For MSW 
that is not recycled - regulations in the EU, USA, and 
elsewhere have led to a robust data set useful for charac¬ 
terizing WTE emissions. In contrast, landfills have not 
been subject to a comprehensive set of standards that 
requires testing and reporting of characteristic emissions. 

WTE has been subject to extensive regulation in the 
EU through the Waste Incineration Directive (WID) 
[21] and through the Clean Air Act Amendments 
of 1990 (CAAA) in the USA [22]. While each set of 
regulatory standards has undergone a distinct history, 
the results are similar in that each set of regulations has 
identified the same proximate set of pollutants as being 
appropriate for effective management if emissions after 
100% of flue gas have been managed by modern air 
pollution control technology. Both the WID and CAAA 
require continuous emissions monitoring (CEM) and 
periodic stack testing of other pollutants where CEM is 
not technically feasible with Table 13 presenting an 
overview of these requirements. 

A directly comparable national standard for WTE 
was not available for China and Canada, however, WTE 
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Waste Management for Sustainable Society. Table 14 Landfill testing requirements in the European Union and the USA 


Parameter 

European Union landfill directive 

[ i 

USEPA [ ] 

Gas collection 

All landfills that accept 
biodegradable waste 

Only those with NMOC emission above 

50 mg per year 

Gas collection period 

Implies forever 

Shutdown allowed 15 years after initial 
startup of system 

Testing - bulk emissions (CH 4/ C0 2 , 

Operating landfill - monthly 

None 

0 2 , N 2 , H 2 S) 

Closed landfill - Semiannual 


Testing - trace emissions 

Air toxics 

No 

No 

Known carcinogens 

No 

No 

Probable carcinogens 

No 

No 

CEM required 

No 

No 


projects in China are being permitted in accordance 
with the EU WID and recent projects in Canada have 
also been permitted in accordance with the EU WID or 
more stringent standards. 

Continuous or intermittent measurement of emis¬ 
sion from landfills is relatively complicated due to there 
being two basic sources: (1) an area source of landfill 
gas that is not collected by the landfill gas collection 
system and (2) emissions from the flare and/or engine 
where collected gas is combusted. Neither EU nor 
USEPA regulations require periodic testing of fugitive 
emission from landfills. Only minimal testing or mon¬ 
itoring (largely flue gas temperature) of combustion 
gas from the flare or engine is required. EU regulations 
are more rigorous, apparently due to the overall objec¬ 
tive being to reduce negative impacts to the local envi¬ 
ronment (surface water, groundwater, soil and air) and 
global environment including the greenhouse effect 
and any resulting risk to human health during the 
whole life-cycle of the landfill. However, the EU stan¬ 
dards do not require routine stack testing or monitor¬ 
ing in a manner similar to WTE. 

Table 14 provides an overview of landfill test 
requirements in EU and USEPA. 

USEPA’s draff update of emission factors for 
landfills [24] listed 170 air pollutants of which 45 are 
Title III air toxics including several known carcinogens 
and many more reasonably anticipated carcinogens. 


A comparison of landfill emissions with either recycling 
or WTE operations is difficult because landfills are not 
required to test, resulting in a minimal data base. 

A third source of emissions from landfills that war¬ 
rants mention is surface and underground landfill fires. 
According to USEPA [25] and the Federal Emergency 
Management Agency (FEMA), [26] both types of land¬ 
fill fires are known to be the source of emissions includ¬ 
ing dioxins. FEMA has estimated 8,400 landfills fires 
per year based on data from the National Fire Incident 
Reporting System (NFIRS) with USEPA estimating 
a possible dioxin emission of 1,100 g of toxic equiva¬ 
lence per year. At this estimated level, landfills would be 
the largest anthropogenic source of dioxin emission in 
the USA when compared to a recent USEPA dioxin 
inventory [27]. 

Land Management 

Each of the three MSW management options has a land 
impact, however in a manner similar to emission, 
there is little data available to quantify the difference 
between each. 

USEPA’s life-cycle assessment of MSW management 
options recognized that when any material is separated 
for recycling, some portion of that material is 
unsuitable for use and is discarded. The loss rates [14] 
for different separated commodities were reported with 
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a range of 0.34 (textbooks) and 0.01 (copper wire). The 
typical mixed basket of recyclables, excluding compost, 
yields a loss factor of about 0.15, meaning that for every 
ton of recycled products there is 0.15 ton of material 
that must be managed by either WTE or landfill. 

The automatically controlled combustion process 
at a modern WTE facility converts a ton of MSW into 
0.25 ton of total inert residue in a nominal 1-hour 
period. This reduction in mass is proportional to 
a 90% reduction in volume. This essentially extends 
the lifetime of a landfill by a factor of 10 if both a WTE 
and landfill were to accept the same amount of material 
for any given period of time. 

Summary 

There is extensive information that documents that 
an integrated waste management system that manages 
municipal solid waste as a resource would be a sustain¬ 
able solution for both generation of renewable energy 
and reduction of greenhouse gas emissions. Commer¬ 
cially available technology is available, however there are 
not sufficient existing policies and regulations to change 
dependence on landfills, the low cost option that has the 
least sustainable attributes. 

Diversion of MSW from landfills to recycling and 
WTE systems would provide significant energy savings 
and a significant reduction in the emissions of GHG’s. 
The European Union s establishment of directives is an 
example of how this can be accomplished. 
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Glossary 

By-product A secondary or incidental product deriv¬ 
ing from a manufacturing process, a chemical reac¬ 
tion, or a biochemical pathway, and is not the 
primary product or service being produced. 


Construction and Demolition Debris A large and 
varied waste stream that includes concrete, asphalt, 
wood, gypsum, and asphalt shingles generated from 
the construction, renovation, and demolition of 
buildings, roads, bridges, and dams. 

Industrial Materials By-products of industrial 
processes. 

Recycling Processing used materials into new prod¬ 
ucts to prevent waste of potentially useful materials, 
reduce the consumption of fresh raw materials, 
reduce energy usage, reduce air pollution and 
water pollution by reducing the need for “conven¬ 
tional” waste disposal, and lower greenhouse gas 
emissions as compared to virgin production. 
Rehabilitation Measures to improve, strengthen, or 
salvage existing deficient pavements to continue 
service with only routine maintenance. Deficient 
pavements exhibit distress in excess of what can be 
handled through routine maintenance. 
Sustainability The capacity to endure. For humans, it 
is the potential for long-term maintenance of well¬ 
being, which in turn depends on the well-being of 
the natural world and the responsible use of natural 
resources. 

Sustainable development A pattern of resource use 
that aims to meet human needs while preserving 
the environment so that these needs can be 
met not only in the present, but also for future 
generations. 

Definition of the Subject 

Recycling has always been a matter of obtaining an 
economic benefit or of helping the environment. 
Until the Industrial Revolution when materials became 
more available than labor, reuse and recycling was 
commonplace. Nearly 4,000 years ago, there was 
a recovery and reuse system of bronze scrap in opera¬ 
tion in Europe and there is evidence that composting 
was carried out in China. Since the industrial revolu¬ 
tion, the waste production rate has grown greatly. The 
idea of landfills came about in the 1940s and 1950s. 
When these huge depositories became available, 
they were extremely popular because of the ease of 
tossing unused products away. No one anticipated 
that soon these landfills would multiply to the extent 
that they have. 


w 





11700 


Waste Materials in Construction, Utilization of 


W 


Considering the enormous volume of construction 
work done annually and the huge amount of waste 
materials produced each year, the issue of reusing the 
waste materials in construction is gaining increased 
attention, which can be observed by the extensive 
research being done on the subject. These wasted 
materials are either debris and demolition materials 
from construction industry or waste produced by 
other industries. The rapid growth of industries results 
in the need for more raw materials and the production 
of more waste materials, which makes the use of waste 
materials more feasible from two aspects, environmen¬ 
tal and economical. 

Introduction 

Recycling has been a common practice throughout 
human history. In preindustrial times, scrap made of 
bronze and other precious metals was collected in 
Europe and melted down for perpetual reuse, and 
in Britain, dust and ash from wood and coal fires was 
downcycled as a base material in brick making. The 
main driver for these types of recycling was the eco¬ 
nomic advantage of obtaining recycled feedstock 
instead of acquiring virgin material. 

Resource shortages caused by the world wars, and 
other such world-changing occurrences greatly encour¬ 
aged recycling. Massive government promotion cam¬ 
paigns were carried out in World War II in every 
country involved in the war, urging citizens to donate 
metals and conserve fiber, as a matter of significant 
patriotic importance. 

In the USA, the next big investment in 
recycling occurred in the 1970s, due to rising 
energy costs [1], A main concern to deal with is the 
increasing volume of landfills due to large quantity of 
waste which are not recycled. Landfill usage peaked in 
the 1980s, when Americans sent almost 136 million 
metric tons (150 million US tons) of garbage to land¬ 
fills each year. Today, Americans still dump more than 
91 million metric tons (100 million US tons) of trash 
into landfills annually. However, recycling efforts 
in the United States divert 32% of waste away from 
landfills [2]. 

Among all the waste materials, two categories are of 
main concern in this entry, Industrial Waste and Con¬ 
struction and Demolition Materials (C&D) [3]. 


Construction and Demolition (C&D) waste accounts 
for a large part of the waste stream in the United States. 
While most of this waste accumulates in landfills, experts 
estimate that 90% of this waste stream is potentially 
reusable or recyclable. Recycling this waste can help to 
prolong our supply of natural resources and save money 
in the process [4] . Total US C&D waste was estimated to 
be 295 million metric tons (325 million US tons) in 
2003 not including garbage. 

Reducing and recycling C&D materials conserves 
landfill space, reduces the environmental impact of 
producing new materials, creates jobs, and can reduce 
overall building project expenses through avoided pur¬ 
chase/disposal costs [3] . Recycled Materials can be used 
in different categories of construction industry; their 
application in building and pavement as alternatives to 
virgin materials is discussed here. 

Recycling 

Literature defines recycling as processing used mate¬ 
rials into new products to prevent waste of potentially 
useful materials, reduce the consumption of fresh raw 
materials, reduce energy usage, reduce air pollution 
(from incineration) and water pollution (from land 
filling) by reducing the need for “conventional” waste 
disposal, and lower greenhouse gas emissions as com¬ 
pared to virgin production [5]. 

Recycling or reuse of pavement materials is 
a powerful concept. Because of the reuse of existing 
material, pavement geometries and thickness can also 
be maintained during construction. In some cases, 
traffic disruption is less than that for other rehabilita¬ 
tion techniques. Literature lists the specific benefits of 
recycling as: 

1. Reduced costs of construction 

2. Conservation of aggregate and binders 

3. Preservation of the existing pavement geometries 

4. Preservation of the environment 

5. Conservation of energy 

6. Less user delay 

Recycling as a Rehabilitation Alternative 

Several studies have shown that it costs highway 
agencies less if the pavements are kept at a certain 
acceptable level of serviceability. According to World 
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Bank Sources, each $1.00 spent during the first 40% 
drop in quality will cost $4.00-$5.00 if delayed until the 
pavement loses 80% of its original quality. Rehabilita¬ 
tion is needed to maintain the pavement at a certain 
condition. Rehabilitation of pavement is also needed 
due to the following reasons: 

1. Inadequate ride quality 

2. Excessive pavement distress 

3. Reduced surface friction 

4. Excessive maintenance requirement 

5. Unacceptable user costs 

6. Inadequate structural capacity for planned use or 

projected traffic 

Recycling is only one of the several rehabilitation 
alternatives available for asphalt pavements. Some of 
the other common methods are thick or thin hot mix 
asphalt (HMA) overlay. The choice of rehabilitation 
alternative depends on observed pavement distress, 
laboratory and field evaluation of existing material, 
and design parameters. Also, maintenance of geomet¬ 
ries and original thickness of pavements, especially in 
underpasses, influence the choice of rehabilitation 
method. However, recycling has some unique advan¬ 
tages which are not available with other types of 
rehabilitation techniques. For example, recycling can 
result in savings, help in conservation of natural 
resources, and can maintain pavement geometries as 
well as thickness. Different recycling methods are now 
available to address specific pavement distress and 
structural needs. 

Recycling presents environmental opportunities 
and challenges, which, when appropriately addressed, 
can maximize the benefits of reuse. The use of most 
recycled materials poses no threat or danger to the air, 
soil, or water. Furthermore, careful design, engineer¬ 
ing, and application of recycled materials can reduce or 
eliminate the need to search for and extract new, virgin 
materials from the land. The engineering feasibility of 
using recycled materials has been demonstrated in 
research, field studies, experimental projects, and 
long-term performance testing and analysis. Significant 
advances in technology over the past decade have 
increased the types of recycled materials in use and 
the range of their applications. When appropriately 
used, recycled materials can effectively and safely 
reduce cost, save time, offer equal or, in some cases, 


significant improvement to performance qualities, and 
provide long-term environmental benefits [6]. 

The Federal Highway Administration (FHWA) 
policy toward recycling is [7]: 

1. Recycling and reuse can offer engineering, eco¬ 
nomic, and environmental benefits. 

2. Recycled materials should get first consideration in 
materials selection. 

3. Determination of the use of recycled materials 
should include an initial review of engineering 
and environmental suitability. 

4. An assessment of economic benefits should follow 
in the selection process. 

5. Restrictions that prohibit the use of recycled mate¬ 
rials without technical basis should be removed 
from specifications. 

Types of Recycled Materials and Related 
Statistics 

The different recycled and by-product materials which 
have application in construction industry are discussed 
and an estimation of annual production of each is 
presented [8-10]. 

Baghouse Fines 

Hot mix asphalt baghouse fines are dust particles that 
are captured from the exhaust gases of asphalt-mixing 
plants. Secondary collection equipment called bag- 
houses is commonly used to capture these very fine¬ 
sized materials. There are approximately 3,600 hot mix 
asphalt plants in the United States, accounting for 
a total annual production of 400-450 million metric 
tons (450-600 million US tons) of asphalt paving 
material. About 2,300 of these hot mix plants are 
batch plants, with the remaining 1,300 being drum 
mix plants. Roughly 40-50% of all hot mix asphalt 
plants are equipped with baghouse collections systems. 
It is estimated that approximately 5.4-7.2 million met¬ 
ric tons (6-8 million US tons) of baghouse fines are 
generated annually by the US asphalt production 
industry. 

Blast Furnace Slag 

In the production of iron, iron ore, iron scrap, and 
fluxes (limestone and/or dolomite) are charged into 
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a blast furnace along with coke for fuel. The coke is 
combusted to produce carbon monoxide, which 
reduces the iron ore to a molten iron product. 
This molten iron product can be cast into iron 
products, but is most often used as a feedstock for 
steel production. Blast furnace slag is a nonmetallic 
coproduct produced in the process. It consists pri¬ 
marily of silicates, aluminosilicates, and calcium- 
alumina-silicates. The molten slag, which absorbs 
much of the sulfur from the charge, comprises 
about 20% by mass of iron production. It 
is estimated that approximately 14 million metric 
tons (15.5 million US tons) of blast furnace slag is 
produced annually in the United States. 

Coal Bottom Ash/Boiler Slag 

Coal bottom ash and boiler slag are coarse, granular, 
incombustible materials that are collected from the 
bottom of furnaces that burn coal. The majority of 
coal bottom ash and boiler slag are produced at coal- 
fired electric utility generation stations, although 
bottom ash and boiler slag are produced by industrial 
and institutional coal-fired boilers and also from 
independent coal-burning electric generation facili¬ 
ties. The type of bottom ash or boiler slag produced 
depends on the type of furnace. The American Coal 
Ash Association (ACAA) estimates that during 2006, 
the utility industry in the United States generated 
1.8 million metric tons (2.0 million US tons) of 
boiler slag. 

Coal Fly Ash 

The fly ash (fly ash) produced from burning pulverized 
coal in a coal-fired boiler is a fine-grained, powdery 
particulate material that is carried off in the flue gas 
and usually collected by means of electrostatic precip¬ 
itators, baghouses, or mechanical collection devices 
such as cyclones. In 2006, the American Coal Ash 
Association (ACAA) reported that 65.7 million metric 
tons (72.4 million US tons) of coal fly ash were 
produced. 

Flue Gas Desulfurization (FGD) Scrubber Material 

The burning of coal produces sulfur dioxide (S0 2 ) gas. 
The 1990 Clean Air Act and subsequent amendments 


regulate S0 2 emissions from burning coal. Coal-fired 
power plants installed flue gas desulfurization (FGD) 
technology for reducing S0 2 emissions. The two most 
common scrubber technologies used today are wet or 
dry systems. Wet FGD systems introduce a spray of 
alkaline sorbent consisting of lime or limestone (pri¬ 
marily limestone) into the exhaust gas. The alkali reacts 
with the S0 2 gas to form calcium sulfite (CaS0 3 ) or 
calcium sulfate (CaS0 4 ) that is collected in a liquid 
slurry form. The calcium sulfite or sulfate is allowed 
to settle out, and the majority of the water is recycled. 
The settled material called FGD scrubber material 
or scrubber sludge is an off-white slurry with a solid 
content in the range of 5-10%. In 2006, FGD scrubber 
systems at coal-fired power plants generated approxi¬ 
mately 27.4 million metric tons (30.2 million US tons) 
of material, or 24.2% of all coal combustion 
products.Due to an expected increase in scrubbing 
applications, the amount of FGD produced is expected 
to grow during the next few decades. 

Foundry Sand 

Foundry sand is a high-quality silica sand that is used 
to form molds for ferrous (iron and steel) and nonfer- 
rous (copper, aluminum, brass, etc.) metal castings. 
The raw sand is normally of higher quality than typical 
bank run or natural sands used in construction. Of the 
5.5-9 million metric tons (6-10 million US tons) of 
spent foundry sand generated annually, less than 15% 
is recycled. 

Kiln Dust 

Kiln dusts (CKD) are fine by-products of Portland 
cement and lime high-temperature rotary kiln produc¬ 
tion operations that are captured in the air pollution 
control dust collection system (e.g., cyclones, electro¬ 
static precipitators, and baghouses). Approximately 
12.9 million metric tons (14.2 million US tons) of 
CKD are produced annually. 

Mineral Processing Waste 

Mineral processing wastes are referred to in the 
Resource Conservation and Recovery Act (RCRA) 
as wastes that are generated during the extraction 
and beneficiation of ores and minerals. These wastes 



Waste Materials in Construction, Utilization of 


W 


11703 


can be subdivided into a number of categories: 
waste rock, mill tailings, coal refuse, wash slimes, 
and spent oil shale. The mining and processing of 
mineral ores results in the production of large 
quantities of residual wastes that are, for the most 
part, earth- or rock-like in nature. It is estimated 
that the mining and processing of mineral ores 
generate approximately 1.6 billion metric tons 
(1.8 billion US tons) of mineral processing waste 
each year in the United States. 

Municipal Solid Waste (MSW) Combustor Ash 

Municipal solid waste (MSW) combustor ash is the by¬ 
product that is produced during the combustion 
of municipal solid waste in solid waste combustor 
facilities. Approximately 29.5 million metric tons 
(32.5 million US tons) of solid waste is combusted 
annually at approximately 160 municipal waste com¬ 
bustor plants in the United States, existing and under 
construction. 

Nonferrous Slag 

Nonferrous slags are produced during the recovery and 
processing of nonferrous metal from natural ores. The 
slags are molten by-products of high-temperature 
processes that are primarily used to separate the metal 
and nonmetal constituents contained in the bulk ore. 
When cooled, the molten slag converts to a rock-like or 
granular material. The following nonferrous slags 
are included in these guidelines: copper, nickel, phos¬ 
phorus, lead, lead-zinc, and zinc. Approximately 
3.6 million metric tons (4 million US tons) each of 
copper and phosphorus slag are produced each year 
in the United States, while the annual production of 
nickel, lead, and zinc slags is estimated to be in the 
range of 0.45-0.9 million metric tons (0.5-1.0 million 
US tons). 

Quarry By-Products 

Processing of crushed stone for use as construction 
aggregate consists of blasting, primary and secondary 
crushing, washing, screening, and stockpiling opera¬ 
tions. Quarry by-products are produced during 
crushing and washing operations. There are three 
types of quarry by-products resulting from these 


operations: screenings, pond fines, and baghouse 
fines. It is estimated that at least 159 million metric 
tons (175 million US tons) of quarry by-products are 
being generated each year, mostly from crushed stone 
production operations. As much as 3.6 billion metric 
tons (4 billion US tons) of quarry by-products have 
probably accumulated. 

Reclaimed (or Recycled) Asphalt Pavement (RAP) 

Reclaimed (recycled) asphalt pavement (RAP) is the 
term given to removed and/or reprocessed pave¬ 
ment materials containing asphalt and aggregates. 
These materials are generated when asphalt pave¬ 
ments are removed for reconstruction, resurfacing, 
or to obtain access to buried utilities. When prop¬ 
erly crushed and screened, RAP consists of high- 
quality, well-graded aggregates coated by asphalt 
cement. It is estimated that as much as 80 million 
metric tons (88 million US tons) of RAP may be 
produced each year in the United States. A sample 
of RAP is shown in Fig. 1. 

Reclaimed Concrete Material 

Over two billion metric tons (2.2 billion US tons) of 
aggregate are produced every year in the USA. Produc¬ 
tion of aggregate is expected to reach 2.5 billion metric 
tons (2.8 US tons) by 2020, which raises concerns about 
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where the new aggregate will come from. One alterna¬ 
tive to using virgin aggregate is recycled concrete aggre¬ 
gate. Recycled concrete aggregate (RCA) consists of 
high-quality, well-graded aggregates (usually mineral 
aggregates), bonded by a hardened cement paste. The 
aggregates comprise approximately 60-75% of the total 
volume of concrete. 

Roofing Shingle Scrap 

There are two types of roofing shingle scraps. They are 
referred to as tear-off roofing shingles, and roofing 
shingle tabs, also called prompt roofing shingle scrap. 
Tear-off roofing shingles are generated during the 
demolition or replacement of existing roofs. Roofing 
shingle tabs are generated when new asphalt shingles 
are trimmed during production to the required phys¬ 
ical dimensions or from “out-of-spec” shingles. Roof¬ 
ing shingle tab materials that result from shingle 
manufacture are estimated to range between 5% and 
10% of the total production. Current estimates indi¬ 
cate that the percentage of roofing scrap generated by 
activity is as follows: 87.5% is manufacturing scrap 
and 12.5% is tear-off roofing scrap. Approximately 10 
million metric tons (11 million US tons) of asphalt 
roofing shingle scrap is generated each year in the 
United States. 

Scrap Tires 

Approximately 400 million tires are discarded each 
year by American motorists, approximately one tire 
for every person in the United States. Around 30 
million of these tires are retreaded or reused, leaving 
roughly 250 million scrap tires to be managed annu¬ 
ally. About 85% of these scrap tires are automobile 
tires, the remainder being truck tires. Besides the 
need to manage the scrap tires, it has been estimated 
that there may be as many as 3-4 billion tires that 
have accumulated over the years and are contained 
in numerous stockpiles. Scrap tires can be managed 
as a whole tire, a slit tire, a shredded or chipped tire, 
as ground rubber, or as a crumb rubber product. 
Tire rubber is also known as crumb-rubber-modifier 
(CRM) as it is used for modifying asphalt proper¬ 
ties. A sample of ground tire rubber is shown in 
Fig. 2. 
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Ground tire rubber 

Sewage Sludge Ash 

Sewage sludge ash is the by-product produced during 
the combustion of dewatered sewage sludge in an incin¬ 
erator. Sewage sludge ash is primarily a silty material 
with some sand-sized particles. There are approxi¬ 
mately 170 municipal sewage treatment plant inciner¬ 
ators in the United States, processing approximately 
20% of the nations sludge, and producing between 
0.45 million and 0.9 million metric tons (0.5 and 1.0 
million US tons) of sludge ash on an annual basis. 

Steel Slag 

Steel slag, a by-product of steel making, is produced 
during the separation of the molten steel from impu¬ 
rities in steel-making furnaces. The slag occurs as 
a molten liquid melt and is a complex solution of 
silicates and oxides that solidifies upon cooling. 

Sulfate Waste 

Fluorogypsum and phosphogypsum are sulfate-rich 
by-products generated during the production of 
hydrofluoric and phosphoric acid, respectively. Approx¬ 
imately 90,000 metric tons (100,000 US tons) of 
fluorogypsum are generated annually in the United 
States, mostly in Delaware, New Jersey, Louisiana, 
and Texas. Approximately 32 million metric tons (35 mil¬ 
lion US tons) of phosphogypsum are produced annually, 
mostly in central Florida, but also in Louisiana and 
southeastern Texas. 
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Applications of Waste Materials in Building 
Construction 

Uses of waste materials is not limited to pavement 
applications. Huge amounts of recycled materials 
such as coal combustion products (CCPs), construc¬ 
tion and demolition (C&D) materials, spent foundry 
sand, used tires, and slags are potentially usable in 
building construction applications. Reusing and 
recycling C&D materials onsite can reduce material 
hauling and disposal costs. In some cases, these mate¬ 
rials have performance benefits over virgin materials. 
For example, fly ash and slag cement are used in 
concrete applications and can be used as partial 
replacements for cement, which helps in producing 
stronger, longer-lasting concrete. Recycled portland 
cement concrete has a very wide range of applications 
in construction. Concrete aggregate can include com¬ 
ponents from bottom ash, foundry sand, crushed 
concrete, and blast furnace slag. Coal bottom ash is 
used as bedding material for green roofs and is lighter 
than the alternatives. Tire shreds provide more effec¬ 
tive drainage around building foundations in com¬ 
parison with gravel and also put less pressure on the 
foundation walls. 

Structural fills are engineered fills constructed in 
layers and compacted using coal fly ash, bottom ash, 
slag, and spent foundry. Spent foundry can be used in 
place of natural soil as base material for the building 
sites and because it does not freeze as readily as most 
soils, this can extend construction season. In backfills 
which surround the building’s foundation to support it 
and provide drainage, waste materials can be used such 
as scrap tires which provide superior drainage, insula¬ 
tion, and wall pressure relief. Masonry blocks used in 
building are made from slag and aggregate, for which 
slag cement, fly ash, silica fume can substitute partially 
for cement and bottom ash; blast furnace slag and 
recycled concrete aggregate can be used instead of 
virgin aggregate. 

Recycled materials are used to make sidewalks. 
Used tires are recycled to create rubberized sidewalks, 
and industrials by-products are used for concrete side¬ 
walks. Recycled asphalt shingles and recycled asphalt 
pavement are used to make asphalt sidewalks. Flooring 
applications can also benefit from waste and recycled 
materials such as used tires and fly ash in carpet 


backing. Salvaged lumber or recycled wood is used for 
wood flooring and blast furnace slag or fly ash in 
flooring tile. For insulation, air-cooled blast furnace 
slag can be used to produce mineral or rock wool 
insulation. There are numerous applications of waste 
or recycled materials in construction and new applica¬ 
tions are emerging every day out of ongoing research 
on this topic. 

Applicability of Current Specification to Recycled 
Materials 

In general, current specifications on construction 
materials do not reflect the current level of knowledge 
concerning desirable properties for construction appli¬ 
cations. It is also reasonable to state that current testing 
does not provide all necessary property characteriza¬ 
tion to ensure field performance. Current testing may 
or may not be the best testing to characterize recycled 
material properties. The discussions with state engi¬ 
neers on the applicability of current specifications on 
recycled materials were focused on the following 
points: 

• Are current requirements reflecting the needs of 
state agencies in material quality? 

• Can an agency always use current specifications to 
specify the best quality recycled material? 

• If new specification requirements are to be intro¬ 
duced, would the new requirements satisfy the 
performance-related properties of the applications? 

• The need for additional testing must be justified by 
relating proposed testing to performance. For 
example, agencies express concerns that current 
relations between recycled aggregate testing and 
pavement performance are not sufficient and fur¬ 
ther correlations are needed before making changes 
to current specifications. 

• The ease and affordability of testing to frequently 
ensure consistency of aggregate quality. 

• Complicated and time-consuming testing is likely 
to be conducted less frequently and will not be 
sufficient to characterize recycled materials for 
their variability. 

Can recycled materials fully replace virgin materials 
with respect to current specifications? For example, is 
RAP aggregate? 
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Future Directions 

There is a need to evaluate compliance and consistency 
of recycled material properties with respect to current 
specification requirements and to assess property-based 
requirements of recycled materials. Officials are recep¬ 
tive to pursuing changes in the way they specify recycled 
materials. It is agreeable that current specifications are 
still outdated for virgin materials and do not reflect the 
current level of knowledge concerning desirable proper¬ 
ties for pavement applications and do not provide all 
necessary property characterization to ensure field per¬ 
formance. Current procedures may or may not be the 
best testing to characterize the properties of recycled 
materials. There have been discussions regarding added 
testing procedures (to measure additional properties) in 
the current specifications to ensure the applicability of 
specifications on recycled materials. An example is 
asphalt-CRM binder stability. The concern regarding 
the relation between the suggested testing and perfor¬ 
mance has two aspects: If those relations are valid, then 
there is a need for a change in current specifications. If 
those relations do not exist, then marginal materials, 
including local sources that are poor in those properties, 
should be used successfully in most civil/construction 
applications. 

Specific significant testing procedures that are well 
correlated to performance are difficult to implement 
on recycled materials. An example is aggregate com¬ 
pressive strength, ASTM C-170 Standard Test Method 
for Compressive Strength of Dimension Stone. The 
test cannot be considered for recycled aggregate 
sources because it requires a cubic-cut sample of the 
aggregate source of more than 5.0 cm each dimension. 
However, an alternative test, the point load test 
(ASTM D5731), uses much smaller sample and can 
provide reasonable accuracy for measuring the same 
property. 

The comparison between the qualities of local mate¬ 
rials vs. that of recycled materials is a sustainability issue. 
Aggregate is an example. There is a potential that local 
aggregate sources that are rejected for high-class pave¬ 
ment mixes can be used for local and low volume road 
applications. Aggregate quality is tied to the design pro¬ 
cess. The use of recycled materials, recycled asphalt pave¬ 
ment (RAP) for example, has been successful in same 
applications. Cost is a major factor in selecting aggregate 


sources. Life-Cycle-Cost analysis is a useful tool in deter¬ 
mining the use of local aggregate vs. recycled materials 
applications. Having better quality aggregate would 
allow designing pavement for longer life, an aspect of 
sustainability. 
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Glossary 

Statistical entropy Developed by C.E. Shannon as 
part of his information theory and used as 
a measure for distributions in statistics, formally 
similar to the thermodynamic entropy of mixing. 
Waste-to-energy (WTE) Combustion of municipal 
solid waste (MSW) with energy recovery. 

Material flow analysis (MFA) Systematic assessment 
of the flows and stocks of materials within a system, 
defined in space and time. 

Statistical entropy analysis (SEA) Entropy-based 
method, based on material flow analysis, for quan¬ 
tifying the concentrating effect of a process or 
system. 

Definition of the Subject and Its Importance 

The turnover of materials used in a national economy 
has been described as the consumption of resources 
(low-entropy materials) that are used and transformed 
into wastes (high entropy materials); therefore, the 
economy is viewed as an entropy-producing process 
[ 1 ]. In a recycling economy, entropy generation must 
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be kept low and waste management should transform 
high-entropy wastes into low-entropy recycled prod¬ 
ucts that can reduce the use of primary resources. 
Entropy reduction is achieved by the concentrating of 
materials. Evaluation of the materials balances, by 
means of statistical entropy analysis, within state-of- 
the-art incinerators shows that waste-to-energy is 
a major contributor to a sustainable materials manage¬ 
ment. It is shown that waste incineration results in 
significant concentrating of several substances. 

Introduction: Material Balances and Entropy 
Evaluation 

Stumm and Davis [2] described the life cycle of copper 
qualitatively by using the metric of entropy. They 
showed that entropy is reduced when consumer prod¬ 
ucts are made from raw materials and entropy increases 
after the products are used and become waste (Fig. 1). 
Later, Rechberger and Graedel [3] applied the concept 
of statistical entropy to the global copper cycle and 
quantified the entropy trend (Fig. 2). 


Recycling 



Waste-to-Energy: Decreasing the Entropy of Solid 
Wastes and Increasing Metal Recovery. Figure 1 

The life cycle of copper and the change in its entropy [2] 


The shape of the Relative Statistical Entropy (RSE) 
curve of Fig. 2 can be explained as follows: One tracks 
the life cycle of a batch of copper (e.g., 1 kg) and 
quantifies the state of this amount of copper by apply¬ 
ing statistical entropy. There are two extreme states for 
the copper batch: either it appears as a 100% pure item, 
e.g., as a copper bar of 1 kg, which translates into 
a RSE of zero, or it is completely dissipated and con¬ 
tributes to the mean concentration in the earth’s crust 
(ca. 70 mg/kg), which is defined as the maximum 
entropy state (RSE of 1). Any other state has to lie 
between these two extremes. The life cycle starts with 
copper ore (Fig. 2, point 1), which has a mean concen¬ 
tration of 0.5%. The “copper production” process com¬ 
prises several concentrating and beneficiation steps 
resulting in high-grade cathode copper having 
a purity of 99.9% or higher (step 1 —► 2 in Fig. 2). 
However, point 2 lies above the x-axis (RSE = 0) 
because extracting copper from its ore is not 100% 
efficient; there are some waste by-products (tailings, 
slag) and these account for the distance between 
point 2 and the zero-line in Fig. 2. 

The process “production of goods” requires that 
copper metal be mixed or combined with other mate¬ 
rials to form consumer products having copper con¬ 
centrations between 0.01% and 100%; this results in an 
entropy increase (step 2 —> 3 in Fig. 2). These products 
are then used and eventually become waste (step 3^4) 
with a typical copper concentration of <1% (MSW, 
waste electrical and electronic equipment, end-of-life 
vehicles, construction and demolition waste, etc.). 

The process of “waste management” separates 
copper scrap and this results in an entropy decrease 
(step 4 —> 5 in Fig. 2). The decrease is rather moderate 
because much of the copper becomes embedded in 
the stock of the process “consumption and use” that 
represents a future potential for recycling (and entropy 
decrease); because of this, the global recycling rate is 
rather low (about 50%). 

The global total entropy trend for copper is 
rather balanced since point 1 (ore) and point 5 
(wastes to landfill) have similar values. However, in 
a fully developed recycling economy where waste 
becomes a high-grade resource again, the life cycle 
of copper would end at point 5' in Fig. 2. This means 
that waste management needs to realize a substantial 
reduction in entropy, posing a similar challenge as the 
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Waste-to-Energy: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery. Figure 2 

Global production and use of copper [upper diagram) and corresponding change in its relative statistical entropy [3] 


process from step 1 —> 2 (Fig. 2), i.e., the production of 
pure cathode copper from copper ore. The latter is 
achieved by a series of processes, such as grinding, 
flotation, roasting, smelting, extraction, and refining. 
Therefore, it is straight forward to postulate that the 
path from 4 —» 5' (Fig. 2) will require a similar tech¬ 
nological effort as the production path from 1 —► 2. 
In other words, the realization of a substantial recycling 
economy will require high-tech waste management. 
At present, these high-tech technologies have not 
yet been introduced to waste management. Notable 
exceptions are state-of-the-art incinerators and a 


trend to sophisticated recycling technologies such 
as near-infrared spectroscopy detection and sorting 
equipment. 

Description of Waste-to-Energy (WTE) 

A waste-to-energy facility can be divided into the 
actual combustion process, the boiler and power gen¬ 
eration turbine, and the air and water pollution control 
system. The choice for the combustion technology is 
mainly determined by the physical (particle size distri¬ 
bution, density, aggregate state, water content, etc.) and 
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Waste-to-Energy: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery. Figure 3 

Modern WTE facility with state-of-the-art air pollution control (APC) system 


chemical (elemental composition, calorific value, ash 
content, etc.) characteristics of the waste. A widely used 
method for the incineration of municipal solid waste 
(MSW) is the so-called mass-burn grate combustion 
(Fig. 3). 

In a typical mass-burn facility [4], waste is stored in 
a fully contained waste bunker for periods up to 1 week. 
Combustion air is taken from the bunker thus 
preventing odor outside the facility. An operator- 
controlled or automated crane mixes incoming wastes 
to provide some homogeneity with regard to calorific 
value and loads the waste into a hopper feeding a water- 
cooled gravity chute that serves as an air seal between 
bunker and furnace. A horizontal ram feeder at the 
bottom of the chute pushes the waste onto the furnace 
grate where it is combusted. The grate consists of mov¬ 
ing and fixed elements (rows) that guarantee controlled 
transportation, mixing of the waste, and equal distri¬ 
bution across the grate. At the end of the grate, the 
bottom ash is discharged into a water basin, where it is 
cooled and then conveyed to the bottom ash bunker. 

The flue gas leaving the combustion chamber con¬ 
tains high amounts of particulates (3-5 g/m 3 ), acids 
such as S0 2 (sulfur dioxide), HC1 (hydrochloric acid), 
HF (hydrofluoric acid), and NO x (nitrogen oxides) that 


require extensive flue gas treatment. Particulates 
are removed in electrostatic precipitators (ESP) or 
more commonly in bag house filters (also referred to 
as fabric filters). ESPs use electric forces to charge and 
move particulate matter in a flowing gas stream to 
a collecting surface. They are more robust toward tem¬ 
perature changes, have lower pressure drops, and are 
easy to maintain. Bag house filters (particulate removal 
by filtration on fiber surfaces) achieve high removal 
efficiencies for fine particles (<5 pm, >99.9%). 

Various reagents are used in the APC system 
of WTEs, such as lime (CaO) or lime hydrate 
(Ca(OH) 2 ), to remove sulfur dioxide and hydrogen 
chloride, and activated carbon, to remove mercury 
and dioxins. Acids can be very efficiently and separately 
removed by a two-stage wet scrubber system. HC1 and 
HF are physically absorbed in the first acid scrubber 
stage at pHl. The low pH prevents absorption of S0 2 . 
The scrubber liquid is water, and no neutralization 
agent has to be used. Also mercury chlorides are 
removed from the flue gas at this stage. During the 
second stage S0 2 is chemically absorbed using either 
CaC0 3 , Ca(OH) 2 , or NaOH (sodium hydroxide) for 
neutralization at pH7. The final product of the sulfur 
removal is gypsum, which is dewatered and either 
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recycled in the gypsum industry or landfilled. Part of 
the scrubber water is continuously purified by an on¬ 
site physical-chemical wastewater treatment process. 
Neutralization sludge is precipitated and dewatered in 
a filter press. Chloride is discharged with the treated 
wastewater. 

Hydrogen chloride (HC1) can be purified and con¬ 
centrated to over 30% for recycling. Alternatively, the 
acid can be neutralized with NaOH, and sodium chloride 
brine can be recycled. NO x is reduced to N 2 and H 2 0 by 
injecting NH 3 (ammonia). The reaction requires high 
temperatures (900-1,000° C). A ceramic catalyst (based 
on Ti0 2 and V 2 0 5 ) reduces the temperature need to 
200-300° C and enhances the efficiency of the reaction 
from 70% to 80% up to 90%. With proper design, the 
catalyst can also be utilized to oxidize PCDD/F. Some¬ 
times activated carbon filters are employed as a final 
stage to adsorb organic compounds (e.g., PCDD/F), 
metallic mercury (Hg°), and other trace pollutants 
passing the previous air pollution control (APC) stages. 
State-of-the-art combustion and APC systems destroy 
organic and remove inorganic pollutants with high 
efficiency. Various full-scale plants demonstrate the 
reliability of these technologies; they operate at emis¬ 
sions way below the stringent emission limits enacted, 
e.g., by the European Union [5]. 

An ongoing field of research and development 
with regard to WTE is how to produce bottom ash 
and filter residues that have improved landfill prop¬ 
erties with regard to composition and emissions; 
and residues that can be utilized as secondary 
resources. This can be achieved either by after- 
treatment of bottom and/or fly ashes in thermal 
and/or chemical processes or by designing new tech¬ 
nologies that are not necessarily based on the grate 
furnace technology. 

Bottom ashes can also be further treated by 
mechanical processes (sieving, screening) and mag¬ 
netic separation of iron scrap. Adequate thermal 
after-treatment of bottom ash results in three prod¬ 
ucts: (1) a silicate product that can be utilized for 
construction purposes; (2) metals consisting mainly 
iron, copper, and other lithophilic metals (metals 
of low vapor pressure); and (3) a concentrate of 
atmophilic metals (metals of high vapor pressure). 
The last two fractions can be recycled in the metal 
industry. 


Immobilization of leachable substances can also be 
achieved by solidification/stabilization using additives 
such as cement that physically and/or chemically 
immobilize hazardous substances in ashes. Some new 
incineration concepts combine pyrolysis and high- 
temperature processes with conventional APC as 
described in other entries of this encyclopedia. The 
goals of these technologies are to produce residues 
with better qualities with respect to disposal and 
recycling than mass burn systems. None of these new 
technologies have experienced a breakthrough. Up to 
now, they could not prove yet that they are able to 
reach the same or higher goals than traditional MSW 
incineration at lower costs and at the same reliability. 
Today, WTE combined with advanced APC represents 
a reliable, robust, and compared to other available 
options environmentally sound technology to dispose 
of combustible and hazardous wastes. Further devel¬ 
opment should be focused on producing more residues 
that can be recovered in an environmentally sound 
manner, and to use thermal processes to turn waste 
management into an integrated part of a sustainable 
materials management. 

Table 1 provides the mass balance of a WTE facility 
consisting of mass-burn combustion, ESP, two-stage 
wet scrubber system, de-NO x reactor, activated carbon 
filter, and chemical-physical wastewater treatment. 
Table 2 shows the respective transfer coefficients for 
selected metals. Both were determined by an intensive 
measurement campaign at a full-scale facility over 
1 week [6]. 

Statistical Entropy Analysis (SEA) 

The methodological framework of SEA is described in 
[7] and [8]. SEA employs statistical entropy to quantify 
the distribution of substances or elements in a process. 
In statistics, the entropy is used as a metric to describe 
distributions of any kind. Rechberger showed that the 
input as well as the output of a process (e.g., a WTE 
facility) can be described by distributions of substances 
as a result of a material flow analysis (MFA). Figure 4 
and Table 3 show an example, the cadmium balance of 
a WTE facility. 

The distribution of the input is rather simple 
since over 99% of the Cd enters the process via the 
material flow “MSW” that contains a concentration of 
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Waste-to-Energy: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery. Table 1 Normalized mass 
balance of a state-of-the-art WTE facility [6] 


Input 

t/t MSW 

Output 

t/t MSW 

MSW 

1.0 

Bottom ash 

0.26 

Adsorbent 

0.0011 

FGD-gypsum 

0.0040 

Liquid ammonia solution 

0.0030 

Filter cake 

0.0026 

Air 

4.1 

Fly ash 

0.029 

Water 

0.56 

Iron-scrap 

0.035 



Off-gas 

4.9 



Purified waste water 

0.39 

Total 

5.7 


5.7 


Waste-to-Energy: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery. Table 2 Transfer coeffi¬ 
cients (%) of a WTE plant [6] 



Bottom ash % 

Fly ash % 

Iron-scrap % 

FGD-gypsum % 

Filter cake % 

Pur. WW % 

Off-gas % 

Ag 

83 

16 

0.001 

0.0062 

0.48 

0.06 

0.001 

As 

70 

28 

0.17 

0.23 

0.68 

0.09 

0.6 

Cd 

20 

43 

31 

0.0052 

5.9 

0.01 

0.04 

Co 

70 

9 

20 

0.054 

0.09 

0.02 

0.005 

Cr 

83 

4 

13 

0.0006 

0.032 

0.0007 

0.0006 

Cu 

96 

0.9 

3 

0.0005 

0.03 

0.00005 

0.00002 

Fe 

40 

1.2 

58 

0.00026 

0.08 

0.00031 

0.001 

Hg 

5 

4.6 

0.001 

3.27 

83 

0.3 

3.9 

Mn 

84 

12 

3.8 

0.00032 

0.16 

0.034 

0.0002 

Ni 

83 

2 

15 

0.0022 

0.027 

0.001 

0.0003 

Pb 

74 

25 

0.0049 

0.0078 

0.8 

0.0006 

0.0007 

Sb 

41 

55 

2.3 

0.01 

1.6 

0.004 

0.003 

Sn 

76 

23 

0.001 

0.014 

0.57 

0.009 

0.01 

V 

81 

11 

7.6 

0.0026 

0.39 

0.02 

0.005 

Zn 

72 

26 

0.6 

0.011 

1.27 

0.006 

0.0006 


w 


15 mg/kg MSW. The output distribution is more 
complex. Cadmium is partitioned among the outputs 
as follows: Bottom ash, 20% (11 mg/kg); iron scrap, 
31% (130 mg/kg); fly ash, 43% (220 mg/kg); filter 
cake, 5.9% (340 mg/kg); FGD gypsum, 0.0052% 


(0.2 mg/kg); purified waste water, 0.01% 
(0.0038 mg/kg); and off-gas, 0.04% (0.0012 mg/kg). 
In other words, cadmium is transferred mostly to 
some output flows (fly ash, iron scrap) and at different 
concentrations in the various outputs. By applying the 
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Input 



Output 



Input Output 



Off-gas 
Fly ash 
Filter cake 
FGD gypsum 
Waste water 
Iron scrap 
Bottom ash 


Materials in t/t MSW Cd in g/t MSW 

Waste-to-Energy: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery. Figure 4 

Materials and Cd balance for a WTE facility. The WTE facility can be conceived as a transformer of distributions 
(input —> output) 


Waste-to-Energy: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery. Table 3 Result of an MFA 
for the flow of cadmium (Cd) through a WTE facility (material flows [Mi), concentrations (c), and resulting substance 
flows (X,-)) 



Mi 

C; 

X, 



Mi 

C; 

X,- 


Input 

t material/ 
t MSW 

kg Cd/kg 
material 

kg Cd/t 
MSW 

% 

Output 

t material/ 
t MSW 

kg Cd/kg 
material 

kg Cd/t 
MSW 

% 

MSW 

1.0 

0.000015 

0.015 

99.9 

Bottom ash 

0.26 

0.000011 

0.003 

20 

Adsorbent 

0.0011 

0 

0 

0 

FGD-gypsum 

0.004 

0.0000002 

0.00000078 

0.0052 

Liquid 

ammonia 

solution 

0.003 

0 

0 

0 

Filter cake 

0.0026 

0.00034 

0.00089 

5.9 

Air 

4.1 

0 

0 

0 

Fly ash 

0.029 

0.00022 

0.0065 

43 

Water 

0.56 

0 

0 

0 

Iron-scrap 

0.035 

0.00013 

0.0047 

31 






Off-gas 

4.9 

0.0000000012 

0.000006 

0.04 






Purified waste 

water 

0.39 

0.0000000038 

0.0000015 

0.01 

Total 

5.7 


0.015 

100 


5.7 


0.015 

100 


following equations, it is possible to quantify 
whether Cd is rather concentrated or diluted during 
the WTE operation. 

Xy ... flow of substance j in material i 
Mj ... flow of material i 

Cjj ... concentration of substance j in material i 


Xij = Mi • Qj ( 1 ) 

with i = 1-nj for input and i - 1- n Q for output 

m*.... normalized mass flows 

= = ( 2 ) 
in i sr^ n i v sr^n 0 v V' 

l^i =i l^i =i A ij 
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The statistical entropy function for the input and 
output distribution is expressed as follows: 

V— 

Hj(cij , mi) = - > /i=] m ■ cy ■ Idfa) (3) 


where Id is the logarithm to the base 2 and ld( 0) = 0. 

The dilution of gaseous ( g ) and aqueous (a) emis¬ 
sions in the environment (only for the output) is con¬ 
sidered by introducing the geogenic background 
concentration (cj igeog ) of a substance in air and water. 
The assumption is that the emission via a stack or 
wastewater pipe into a river is diluted to 1% (therefore 
the factor of 100 in Eqs. 4 and 5) above the respective 
geogenic background concentration. Equations 4 and 5 
are approximations and only valid if Cij » W 
If this is not the case, a more complex formula has to 
be applied; for details see [7]. 


m l 




Cij • nij 

C j,geog. : g 
Cij • mi 

C jige°g-i a 


• 100 
• 100 


m l 


( 4 ) 


{ C hgeog.,gl 1^0 

Cj,geog.,a/ 100 (5) 

Cij 

The maximum statistical entropy is expressed by 
H maxd = ld(-!—-100) (6) 

\ C jigeog , / 

with Cjg e0 g Cj^geog.ig when Cj,geog.,g ^ Cjg e0 g a 
and Cjg e0 g — Cjg e0 g a when Cj,geog.,g ^ Cjg e0 g a 

H max is determined by assuming that the total sub¬ 
stance flow HXij is diluted into the environmental 
compartment with the lowest background concentra¬ 
tion (in the case of heavy metals, this is usually 
the atmosphere). 

The relative statistical entropy is a normalized 
metric in the range [0, 1]. 

d^rel,j Hj/ H m axj ( 2 ) 

The power of a process (e.g., WTE facility) to con¬ 
centrate a substance j is then expressed by 

AH re ij — H re ijQ U fp U f H re ij In p ut ( 8 ) 


Alternatively, the “substance concentrating effi¬ 
ciency” (SCE) can be defined as a specific metric, in 
percentage: 

—A H re i j 

SCEj =-• 100 (9) 

Hrel,j,Input 

The SCE is positive for concentrating processes 
with a maximum of 100% (the “pure” substance) and 
negative for diluting processes (e.g., for Hg when refuse 
derived fuel is used for co-combustion in a cement 
kiln). As an example, Table 4 provides the calculation 
of A H rd for cadmium in a WTE plant. 

Application of SEA to Waste-to-Energy 

By applying Eqs. 1-9 to the metals shown in Table 2, the 
resulting SCE-values for a specific WTE facility are 
shown in Fig. 5. 

Generally, it can be said that the SCE of state-of- 
the-art WTE for most metals is in the range between 
10% and 20%. For volatile (atmophilic) elements, it 
tends to be higher since these elements are rather trans¬ 
ferred to and concentrated in the APC residues. The 
highest SCE is achieved for iron. Ferrous metals are 
easily separated and collected in a WTE facility, by 
means of magnetic separation. 

Following the above discussion, it is clear that 
SCE-values of 10-20% are not sufficient to realize 
a noteworthy recycling economy (see Fig. 2). In the 
case of global copper management SEA shows that 
waste management should achieve a SCE of at least 80%. 

On the other hand, it should be noted that a selective 
separation step does not have to be restricted to iron. 
Intensive characterization of bottom ash [6,9] has shown 
that some metals appear to a large extent in metallic form 
in the ash and not as oxides or other compounds. For 
example, Fig. 6 shows that about 50% of the copper 
contained in the bottom ash would be recoverable by 
a mechanical process; particles larger than 4 mm are 
considered to be detectable and removable by 
a combination of near-infrared spectroscopy detection 
and pneumatic separators. This measure would increase 
the SCE for Cu from 21% to 51%. A melting process, 
described by Zeltner and Lichtensteiger [10] and shown 
in Fig. 7, would increase the SCE up to 80%. This last 
example shows that high recovery rates, i.e., high SCE 
values, can be achieved. However, they require the 
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Waste-to-Energy: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery. Table 4 Example: 
Calculation of A H re / and the SCE of Cd in a WTE facility 



V—. 

II 

n 

CL 

M, 

c i 

x, 

mi 

Cj x m/ 

Id (c,) 

Cj X 177 / X Id (Cj) 

n, 

Input 

t material/ 
t MSW 

kg Cd/kg of 
material 

kg Cd/t 
MSW 

kg of material/ 
kg Cd 

_ 

_ 

_ 

1 

MSW 

1.0 

0.000015 

0.015 

66,664 

1.0 

-16.0 

-16.0 

2 

Adsorbent 

0.0011 

0 

0 

74 

0.0 

0.0 

0.0 

3 

Liquid ammonia 
solution 

0.003 

0 

0 

200 

0.0 

0.0 

0.0 

4 

Air 

4.1 

0 

0 

273,322 

0.0 

0.0 

0.0 

5 

Water 

0.56 

0 

0 

37,332 

0.0 

0.0 

0.0 


Total 

5.7 


0.015 

377,593 

1.0 


-16.0 



Mi 

Ci 

X, 

mi 

Ci x m, 

Id(Ci) 

q x mi x Id(ci) 

n Q 

Output 

t material/ 
t MSW 

kg Cd/kg 
material 

kg Cd/t 
MSW 

kg material/kg 
Cd 

_ 

_ 

_ 

1 

Bottom ash 

0.26 

0.000011 

0.003 

17,400 

0.2 

-16.41 

-3.3 

2 

FGD-gypsum 

0.004 

0.0000002 

0.00000079 

265 

0.000052 

-22.28 

-0.00116 

3 

Filter cake 

0.0026 

0.00034 

0.00089 

173 

0.59 

-11.52 

-0.68 

4 

Fly ash 

0.029 

0.00022 

0.0065 

1,934 

0.43 

-12.13 

-5.22 

5 

Iron-scrap 

0.035 

0.00013 

0.0047 

2,347 

0.31 

-12.89 

-4 

6 

Off-gas (g) 

4.9 

1.0E-14 

0.000006 

4E+ 10 

0.0004 

-46.51 

-0.0186 

7 

Purified waste 
water (a) 

0.39 

1.0E-12 

0.00000015 

IE + 08 

0.0001 

-39.86 

-0.004 


Total 

5.7 


0.015 

4.0E+ 10 

1.0 


-13.2 


Geogenic 
concentration of 

Cd in 




Umax 

47 




Air ( Cg eQ g g ) 

1.0E-12 

kg Cd/kg air 


Hrel, Input 

0.34 




Water (c geog J 

1.0E-10 

kg Cd/kg 


Hrel, Output 

0.28 

AH re i 

-0.06 




water 


SCE (%) 

18 




implementation of sophisticated and costly technology. 
Although it has not been established quantitatively as yet, 
it is safe to assume that SCE rates in the range of 70-90% 
are achievable for certain substances. 

Relationship Between SEA and Environmental 
Impact 

There is no scientific evidence that entropy is a direct 
measure of environmental impact. However, considering 


the stack emissions of a WTE facility, Fig. 8 shows that 
the actual emissions of Cd (0.0012 mg/m 3 ) are in 
a range where they do not contribute to H re i f0utput . 
A tenfold increase to 0.01 mg/m 3 would result in an 
entropy increase by 1%. The emission standard for Cd 
(0.025 mg/m 3 ) is in the range of 1-5% which is the area 
the cadmium emission in stack gas would become 
entropy relevant. 

Therefore, from the point of view of statistical 
entropy analysis, the emission limit of Cd has been 
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Waste-to-Energy: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery. Figure 5 

Substance concentrating efficiency (SCE in %) of a WTE facility for selected metals 
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Waste-to-Energy: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery. Figure 6 

Occurrence of metals (%) in the bottom ash of a WTE facility (mass burn) after magnetic separation of iron [6] 


w 


determined correctly. The European Directive on 
Waste Incineration [5] provides the following emission 
limits: Cd + T1 = 0.05 mg/m 3 , Hg = 0.05 mg/m 3 , and Sb 
+ As + Pb + Cr + Co + Cu + Mn + Ni + V = 0.5 mg/m 3 . 
For the sum of elements from Sb to V, Table 5 reveals 


that an emission of 1.1 mg/m 3 would result in an 
entropy increase (H re i y j )0utput ) of 1%. For entropy 
increases by 5% and 10%, the emissions would have 
to be 6.3 and 11 mg/m 3 , respectively. This calculation 
shows that, from an entropy point of view, the emission 
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Waste-to-Energy: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery. Figure 7 

Melting of bottom ash; copper flows. Some 80% of the copper in MSW could be recovered [9] 



Concentration of Cd in the off-gas [mg/m 3 ] 


Waste-to-Energy: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery. Figure 8 

Illustration of the influence of the stack gas emission of a WTE facility on the relative statistical entropy (H re/0ufpuf ). 
The emission limit for Cd is in the transition area between 1 and 5% increase in entropy 


standard for this group of metals is rather stringent. In 
the case of mercury (Hg), the entropy approach would 
suggest an emission limit of 0.01 mg/m 3 . In this case, 
the actual emission standard of 0.05 mg/m 3 seems 
rather high. 


However, it should be noted that the transfer 
coefficients for metals in the stack gas have high 
uncertainties because they are the result of a single 
point measurement; also the geogenic background 
concentrations of metals vary by one to two orders 
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Waste-to-Energy: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery. Table 5 Calculated emis¬ 
sion values (mg/m 3 ) as a result of entropy increase 


Increase of H reUi0utput 

1% 

5% 

10% 

As 

0.004 

0.01 

0.02 

Co 

0.005 

0.03 

0.05 

Cr 

0.1 

0.7 

1 

Cu 

0.5 

3.5 

5 

Mn 

0.2 

0.7 

1.3 

Ni 

0.08 

0.4 

0.7 

Pb 

0.23 

0.8 

2.4 

Sb 

0.02 

0.1 

0.2 

V 

0.008 

0.04 

0.07 

Total (As + Co + Cr + Cu + Mn + Ni + Pb + Sb + V) 

1.1 

6.3 

10.7 

Emission limit for As + Co + Cr + Cu + Mn + Ni + Pb + Sb + V [5] 

0.5 


of magnitude. In summary, it can be stated with high 
certainty that the actual emissions of metals are not 
entropy relevant and with some certainty that the 
present emission standards are in the transition 
area where emissions to the air would become rele¬ 
vant. Therefore it seems that there is a weak relation¬ 
ship between entropy generation and environmental 
impact. This means that the entropy approach can¬ 
not replace human and eco-toxicological research to 
fix emission limits but can be used as a first approx¬ 
imation tool where limits are missing or need to be 
assessed. 

Future Directions 

At present, research is carried out to extend the 
concept of SEA from chemical elements to com¬ 
pounds. For example, instead of examining the 
nitrogen balance of a wastewater treatment plant, 
one would consider the different compounds of 
nitrogen in the inflow and effluent of the plant, 
such as nitrite, ammonium, nitrous oxide, etc. The 
consideration of the chemical speciation of an ele¬ 
ment is important for substances like carbon and 
nitrogen. Since the speciation of an element is cru¬ 
cial for its eco-toxicity, it will be interesting to find 
out whether there is a relationship between entropy 


and eco-toxicity. Another research topic is the test¬ 
ing of the applicability and usefulness of SEA in 
benchmarking studies for waste and wastewater 
treatment technologies and the employment of sta¬ 
tistical entropy for the evaluation of resource 
consumption. 
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Glossary 

Boiler ash Coarse fly ash separated from the flue gas 
inside the boiler and directly discharged or 
discharged after boiler cleaning by soot blowing or 
rapping. 

Bottom ash Solid residue discharged from the grate of 
a waste incinerator. 

Dioxins (PCDD/F) A group of 75 congeners of 
polychlorinated dibenzo-p-dioxins (PCDD) and 
135 congeners of polychlorinated dibenzofurans 
(PCDF); concentrations are given in toxic equiva¬ 
lent accounting for the different toxicity of the 
single congeners. 

Filter ash Fine dust separated from the flue gas by 
filters, mainly by electrostatic precipitators. 
Incineration Combustion of waste, in Europe prefer¬ 
entially in grate furnaces. 

Leaching Elution of inorganic (especially heavy 
metal) or organic species out of solid materials 
into liquids; leaching standards are typically reg¬ 
ulating the access to disposal or the utilization of 
a material; leaching is measured by standardized 
tests. 

Scrubbing Chemical gas cleaning step using wet or 
dry neutralizing agents; wet systems are typically 
designed in two stages. 

Definition of Subject 

In Europe, the environmentally compatible manage¬ 
ment of solid residues from waste incineration became 
a major topic of concern in the first decade of the new 
millennium. Tightened access criteria to landfills pro¬ 
moted in a number of countries, especially in the 
European Union, aim for beneficial use of the bottom 
ash. Furthermore, several attempts are seen to stabilize 
respectively inertize fly ash and gas cleaning residues so 
they need not be disposed of in hazardous landfills. 
Organic content and leaching stability are the most 
important environment-related quality parameters to 
be addressed. 

Introduction 

Some time ago, the debate about thermal processes was 
mainly driven by potential risks of air emissions, espe¬ 
cially those related to dioxins. Meanwhile, the gas 
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cleaning devices implemented in municipal solid waste 
incineration (MSWI) or, as they are called in some 
areas, waste-to-energy (WTE) plants are among the 
most effective ones found in any technical process, 
and the interest is nowadays more focused on the 
quality of the solid residues from those processes. The 
actual objectives are to produce as much as possible 
inert bottom ashes and to enable their utilization 
as secondary building materials. This is especially 
promoted in the Netherlands, Denmark, and Germany, 
recently also in France. A further focus is the 
inertization and safe disposal - or even utilization - 
of the filter and boiler ashes as well as of the residues 
collected in the Air Pollution Control (APC) systems of 
WTE plants. 

Already in early times attempts are seen to utilize 
bottom ashes from waste incineration plants. In the 
Frederiksberg incinerator, built in 1903, bricks were 
produced from bottom ash for utilization in the build¬ 
ing sector [ 1] . However, the calorific value of the waste 
at that time and the resulting combustion temperature 
were most likely to generate a bottom ash quality which 
was far beyond the standards required and achieved 
today. The described procedure was only maintained 
for few years, supposably due to market constraints 
based on insufficient quality. 

After World War 1 a tendency was seen not to 
burn but to melt the waste, again to produce second¬ 
ary building materials. This practice, too, was finally 
not successful on the market because of problems 
with the refractory liners of the furnaces, varying 
product quality, and especially the high costs of the 
processes [2]. 

Starting the last decade of the twentieth century all 
kinds of secondary treatment processes have been 
developed to tailor the residue quality according to 
special needs. Secondary measures, however, are 
expensive and hence the better approach is an opti¬ 
mized control of the combustion process to 

• Guarantee an excellent burnout of carbon 
compounds 

• Promote the volatilization of heavy metals like Hg 
and Cd out of the fuel bed 

• Fixate lithophilic elements in the silicatic and oxidic 
matrix of the bottom ash, thus reducing their 
leachability 


The following discussion of the quality of residues 
from modern waste incineration plants will follow 
these objectives. Finally, this entry will investigate 
which rational options exist to inertize and eventually 
utilize bottom, boiler, and filter ashes, and flue gas 
cleaning residues. All considerations are based mainly 
on the results of an international perspective on the 
characterization and management of waste incinera¬ 
tion residues, published by the International Ash 
Working Group in 1997 [3]. 

Mass Streams in a WTE Plant 

The basis of all discussions about waste incineration 
residues is the knowledge of the different mass streams 
in a municipal solid waste incinerator. Figure 1 shows 
average ranges for these streams as found in modern 
mass burning systems. The air consumption is approx. 
4,500 m 3 /Mg of waste. 

State-of-the-art plants in most industrialized coun¬ 
tries produce typically between 150 and 250 kg of 
bottom ash per 1 Mg of burnt waste. The respective 
numbers in Japan are in the order of 100-120 kg due to 
different waste collection and eventual pre-treatment 
strategies. 

Most published numbers include the grate siftings 
which are in many countries kept separate from the 
bottom ash. The mass flow of siftings depends on the 
type of grate and its time of operation. It accounts 
typically for less than 5 kg/Mg of waste. The siftings 
may increase the amount of unburnt matter in the 
bottom ash. In view of utilization, however, the inven¬ 
tory of metallic A1 eventually dripping through the 
grate voids is of much higher concern. Metallic A1 
tends to form hydroxides in contact with water and 
this reaction is accompanied by a swelling of the 
material. 

The production of boiler ash depends on the type of 
boiler and on the amount of dust released from the 
grate and carried over in the flue gas. Boiler ashes 
should be treated together with the filter ashes due to 
their similar level of toxic heavy metals and organic 
compounds. In some countries, this has already been 
enforced by legislative regulations. The data presented 
for filter ashes reflect the situation in modern plants 
that try to establish so-called gentle combustion with 
dust loads down to less than 2 g/m 3 [4]. 
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Waste-to-Energy Ash Management in Europe. Figure 1 

Mass balance of a municipal solid waste incineration plant (in kg/Mg waste) 


The mass flow of APC residues shows actually the 
highest variation of all residues. Wet scrubbing systems 
with liquid effluents discharge produce 0.5-2 kg of dry 
neutral sludge per Mg of burnt waste. In wet systems 
with internal or external evaporation of the scrubbing 
solutions additional 11-16 kg of neutralization prod¬ 
ucts increase the total solid residues to approx. 
12-18 kg/Mg. Whereas wet scrubbing operates close 
to stoichiometry and hence at minimum residues, in 
case of semi-dry or dry systems the necessary surplus 
of unreacted neutralizing reagents increases the total 
amount of scrubbing residues to 20-40 kg/Mg of 
waste. 

Bottom Ashes 

Disposal and Utilization Regulations 

Waste incineration is performed to produce an inert 
residue, the bottom ash, which meets the respective 
disposal standards. Many countries aim for utiliza¬ 
tion of this residue stream in order to save space on 
landfill sites. 

The disposal of residues is in the EU regulated by 
the EU landfill directive 1999/31/EC [5] and the Coun¬ 
cil Decision 2003/33/EC [6] which contains the landfill 
access criteria. For utilization of residues, however, no 
common regulations exist and the various countries 
have their own protocols. 

Table 1 compiles selected standards laid down in 
the German Waste Storage Ordinance [7] for dis¬ 
posal on landfill class 1 - which are identical with 


Waste-to-Energy Ash Management in Europe. Table 1 

Selected German standards for disposal and utilization of 
WTE bottom ash 



Unit 

German landfill 
class 1 

Road construction 
(LAGA) 

LOI 

wt% 

3 


TOC 

wt% 

1 

1 

DIN EN 12457-4 

Cl 

mg/L 

1,500 

250 

Cu 

mg/L 

1 

0.3 

Zn 

mg/L 

2 

0.3 

Cd 

mg/L 

0.05 

0.005 

Hg 

mg/L 

0.005 

0.001 

Pb 

mg/L 

0.2 

0.05 


those in the Council Decision - and for utilization 
of bottom ash in road construction which are laid 
down in a memorandum of the LAGA, a German 
working group of representatives of the ministers of 
environment of the federal states [8]. The leaching 
standards have to be measured according to the EU 
leaching protocol [9] which is in the table indicated 
by the respective national test DIN EN 12457-4. The 
table shows only small differences between the 
requirements for disposal and utilization. The chal¬ 
lenge is to reach the utilization quality without further 
post-combustion treatment. 
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In the case of utilization as secondary building 
material, additional standards are set for mechanical 
properties like density, mechanical strength, grain size 
distribution, or freeze-thaw-stability. This aspect will 
not be discussed here. 

Characterization 

Burnout and Organic Ingredients The “burnout” is 
the key parameter for disposal as well as for utilization 
of bottom ashes. The German Waste Storage Ordinance 
sets a total organic carbon (TOC) limit of 1 wt.-% for 
disposal on a class I landfill and the same number is 
found in the LAGA memorandum for utilization in 
road construction. 

In modern well-operated WTE plants, the TOC in 
bottom ashes is typically well below 1 wt.% [10, 11]. 
Special combustion trials in the TAMARA test inciner¬ 
ator in Karlsruhe (Germany) demonstrated that an 
increasing heating value of the feed, and the resulting 
higher bed temperatures, improve the burnout of bot¬ 
tom ash (see Fig. 2) [12]. 

The TOC of bottom ashes consists mostly of 
elementary carbon; some organic compounds are 
also found that cover the spectrum from short-chain 
compounds [13] up to low volatile species such as 
PAH or PCDD/F. Typical concentrations of organic 
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Waste-to-Energy Ash Management in Europe. Figure 2 

Residual carbon in TAMARA bottom ashes versus heating 
value of the feed 



compounds in the various solid residues are compiled 
in Table 2. 

The data are taken from modern facilities [12-15]. 
The PCDD/F numbers are given in terms of interna¬ 
tional toxic equivalence data (I-TE). It is evident that 
the organic pollution is higher in the boiler and fly 
ashes than it is in the bottom ash. 

It should be noted that the I-TE levels detected in the 
bottom ashes of modern incineration plants were in the 
same order of magnitude as found in uncontaminated 
soils in Central Europe [16]. 

Chemical and Mineralogical Characterization 

The mass and volume reduction occurring during 
combustion of solid wastes causes an enrichment of 
a number of heavy metals in the bottom ashes com¬ 
pared to their concentration in the earth’s crust. This is 
demonstrated by the concentration ranges of selected 
species depicted in Fig. 3. The data are compiled from 
numerous publications and from the Handbook of 
Chemistry and Physics. 

Some heavy metals, for example, As, Cd, Hg, and 
Pb are to a great extent volatilized out of the fuel bed, 
however, also these metals show in most cases higher 
concentrations in the bottom ashes than in the 
lithosphere. 

In addition to the chemical analysis, a geochemical 
and mineralogical characterization provides useful 
information in view of the long-term behavior of 
a material. Bottom ashes can be characterized as 
a mixture of silicate and oxide phases. Some typical 


Waste-to-Energy Ash Management in Europe. Table 2 

Concentration ranges of organic compounds in bottom, 
boiler, and filter ashes (PCDD/F in I-TE) 



Bottom ash 
(ng/g) 

Boiler ash 
(ng/g) 

Filter ash 
(ng/g) 

PCDD/F 

<0.001-0.03 

0.02-1 

0.1-10 

PCB 

<5-50 

4-50 

10-250 

PCBz 

< 2-20 

200-1,000 

100-4,000 

PCPh 

<2-50 

20-500 

50-10,000 

PAH 

<5-10 

10-300 

50-2,000 
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mineral phases found in these residues are shown in the 
micrographs in Fig. 4 [17]. 

Some of these phases can provide information about 
the temperature the material has been exposed to on the 
grate. This important parameter controls mainly the 
fate of elements in the combustion chamber, but is not 
well known in full scale plants. The knowledge of for¬ 
mation temperatures of single phases and the specific 
search for high-temperature phases are promising ways 
to obtain better information in this area [18]. 

Post-combustion Treatment 

As mentioned earlier, a number of countries have or are 
planning to set standards for the utilization of bottom 
ash. The major application area is road construction 



concentration in mg/kg (PCDD/F in ng[TE]/kg) 



bottom ash 


lithosphere 


Waste-to-Energy Ash Management in Europe. Figure 3 

Concentration ranges of selected elements and PCDD/F in 
bottom ash and in the earth's crust 


where ash is used in the support layers, mainly under 
water-tight capping. Among the few countries which 
have more or less country-wide common regulations is 
Germany which will be discussed more in detail below. 
Similar practice is followed in the Netherlands, 
Belgium, and Denmark. Countries like Sweden decide 
on utilization case by case. 

The German guideline regulating use of ash in road 
construction is the LAGA memorandum mentioned 
earlier [8]. It requires mechanical pre-treatment, 
scrap removal, and aging of the ashes for 12 weeks. 

The mass flow scheme in Fig. 1 indicated already 
that raw bottom ashes contain significant amounts of 
ferrous and non-ferrous metal scrap. It is common 
practice that at least the ferrous, but nowadays in 
most plants also the non-ferrous, metals are recovered 
if the final destination of the bottom ash is a landfill. 
Whereas revenue from ferrous scrap may often only 
cover the recovery costs, non-ferrous metals, mainly A1 
and Cu, have a high market value which cares for good 
economy. 

Hence, scrap removal is the only pre-treatment if 
bottom ashes are landfilled. If utilization is envisaged, 
the obligatory post-combustion treatment is much 
more extended. A typical flow sheet of advanced ash 
treatment as performed at the Hamburg waste inciner¬ 
ator MVR is shown in Fig. 5. 

The procedure starts typically already in the quench 
tank of the incinerator where a surplus of water reduces 
the salt content [10, 20]. After discharge, the ashes are 
stored for few days for de-watering before they undergo 
further treatment which consists of a sieving to remove 
bulky fractions and magnetic separation of ferrous 



Waste-to-Energy Ash Management in Europe. Figure 4 

Micrographs of minerals in bottom ashes: glass formed during combustion [left), gehlenite Ca 2 AIAISi0 7 in glassy matrix 
[center), magnetite, Fe 3 0 4 [right) 
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Waste-to-Energy Ash Management in Europe. Figure 5 

Grate ash pre-treatment at the Hamburg waste incineration plant MVR (Adopted from [19]) 


scrap which is followed by an eddy-current separation 
of non-ferrous metals. 

The metal fractions are sold to recycling companies. 
Considering the total amount of bottom ashes of 4-5 
million Mg in Germany and a recovery efficiency of 
60-70% more than 300,000 Mg of iron scrap and with 
a recovery efficiency of 30-40% up to 50,000 Mg of 
non-ferrous metals can be recovered. Especially, the 
latter fraction accounts for a not unwanted revenue 
for the operator. 

The ashes are than stored for aging or maturing for 
12 weeks and after the respective compliance tests, the 
ashes can be utilized as secondary building materials. 

Leaching Properties 

Leaching Fundamentals The chemical composition 
of a product may not allow determining its environ¬ 
mental impact. This is far more depending on the 


leaching stability of the material in question. Even if 
the matrix and the speciation of single elements are 
known, a reliable theoretical prediction of the short- 
and long-term behavior is almost impossible. The most 
important parameters influencing the leaching stability 
of a material are listed below: 

• Its chemical composition 

• Its chemical/geochemical/mineralogical speciation 

• The fraction of a species available for leaching 

• The particle morphology 

• The properties of the leachant, especially its pH or 
the presence of complexing constituents 

• The liquid-solid ratio (LS) in the leaching system 

It seems evident, that no single or simple test pro¬ 
cedure will deliver results that allow a sound evaluation 
of impacts on the environment. In fact a great number 
of different tests have been developed to get detailed 
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Waste-to-Energy Ash Management in Europe. Figure 6 

Principles of leaching tests 


information about the leaching properties of residues 
from waste incineration. 

There are two principal categories of test proce¬ 
dures: extraction tests and dynamic tests. Indicator 
tests are in most cases extraction tests. The most 
common principles of these test categories are 
comprised in Fig. 6. 

Extraction tests allow the determination of leaching 
equilibria. If the leachate is analyzed in time increments 
before equilibrium is reached, information on the 
kinetics of the system can be obtained. An example of 
such tests is the Dutch tank leaching test [21] for 
stabilized materials. This test also gives indication of 
the major parameters controlling the leaching process, 
for example, diffusion or solubility. Sequential tests in 
different leachants of increasing chemical strength are 
often used to investigate the chemical bond of specific 
elements in the matrix. 

Dynamic tests are applied to reveal the leaching 
kinetics of granular material. One of these is the 
Dutch column leaching test [22]. This test is typically 
performed up to an accumulated liquid/solid ratio of 
10 and enables the modeling of contaminant release 
over a period of 50-100 years. 

In practice, a material in question is subject to 
a number of different tests that are selected to model 
as close as possible the envisaged disposal or utilization 


scenario. After the fundamental properties have been 
acquired, an indicator or compliance test - in most 
cases a standardized test procedure - is chosen to assess 
the quality of an actual sample in short time and with 
limited effort [23]. Since the early 2000s, the European 
Standardization Committee CEN has released unified 
test methods which will in future be applied in all EU 
countries [9]. 

The most important parameter influencing the 
results of a leaching test is the pH of the leachate 
[3, 24]. Figure 7 shows a schematic overview of the 
influence of the pH of the leaching solution on the 
solubility of metal cations and anions in aqueous solu¬ 
tions. It is well known that most heavy metals show 
rather low solubility in the weak alkaline range. Their 
solubility increases with decreasing pH. In the 
alkaline region, different metals behave differently: 
some (e.g., Cd) stay insoluble with increasing pH. 
Others, the amphoteric ones, are more or less solubi¬ 
lized if the pH is elevated. The amphoteric metal of 
highest interest in waste incineration is Pb. 

Metals which tend to form anions in aquatic solu¬ 
tions like V, Cr, or Mo, have their highest solubility 
close to the neutral point. 

The graph in Fig. 7 indicates the ranges of pH used 
in selected leaching tests of bottom ashes. In the DIN 
EN 12457-4 test with a LS ratio of 10, a duration of 
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Waste-to-Energy Ash Management in Europe. Figure 7 
Influence of the pH and the solubility of metal cations and 
anions 


24 h, and no pH control, the final pH values can vary 
between 10.5 and 12.5. These varying conditions have 
severe impacts especially on the test results for Pb as 
can be deduced from Fig. 7. 

The Swiss TVA test [25] , a compliance test with two 
steps, 24 h each, LS = 10, is characterized by a rather 
constant pH of 5.5-6 due to gaseous C0 2 injected 
permanently into the test solution. 

Constant pH values are used for the Dutch avail¬ 
ability test [22] which provides information about the 
leaching potential under assumed “worst” environ¬ 
mental conditions. The cation solubility is tested at 
a pH of 4 and that of anions at a pH of 7. The sample 
has to be finely ground in order to exclude any inhibi¬ 
tion of the leaching by diffusion and the liquid-solid 
ratio is kept at 100 to avoid saturation effects in the 
solution. 

Due to the different test conditions various leaching 
tests will produce different results when run on one and 
the same material. An example is shown in Fig. 8, where 
one bottom ash sample was tested using the Swiss and 
the German test procedure [26]. 

The bar plot indicates that Ni, Cu, and especially Zn 
show a significantly higher elution in the TVA then in 
the DIN EN test due to the formation of hydrogen- 
carbonates. 

Effect of Aging and Utilization Potential In order to 
optimize the total burnout, the combustion tempera¬ 
ture, and thus, the fuel bed temperature have been 
elevated in WTE plants compared to the operation 



release in mg/kg 


P«TVA ■ DIN EN 12457^4] 

Waste-to-Energy Ash Management in Europe. Figure 8 

Leaching results of the Swiss TVA and the German DIN EN 
12457-4 test on one bottom ash sample (Adopted from 
[26]) 


mode during the 1980s. As an effect of such operation 
changes, a higher formation of CaO can be seen. The 
pH value of fresh bottom ashes is often exceeding 12. 
According to the German LAGA memorandum [8] 
bottom ashes have to be stored for 12 weeks prior to 
utilization in road construction for aging or maturing. 
During this time the uptake of C0 2 from the air 
converts the earth-alkali oxides into carbonates and 
neutralizes part of the alkalinity. Hence, aged bottom 
ashes establish a pH of about 10-11 in the DEV S4 test. 

Data from a test program in a German full scale 
waste incineration plant illustrate the effect that aging 
has on the pH of bottom ash and on the leaching of 
metals [11]. The bar plot in the left part of Fig. 9 
documents that the pH of fresh bottom ash in the 
DIN EN 12457-4 test exceeds in almost all test trials 
12 and drops down by about two units during the aging 
process. As shown in the right graph of Fig. 9, this pH 
change has no effect on the leaching properties of Mo 
which is present mainly as molybdate. The leaching 
stability of Cu and Zn is moderately improved in the 
aged material whereas the leaching of Pb is reduced by 
almost two orders of magnitude. 

This strong interdependency is responsible for the 
strange situation that due to German regulations fresh 
bottom ashes from some plants do not comply with the 
landfill standards while after aging they are excellent 
secondary building materials. 
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Waste-to-Energy Ash Management in Europe. Figure 9 

pH value of fresh and aged bottom ash samples (left) and 
(Adopted from [11]) 



EN 12457-4 test results on these samples for four metals 
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Waste-to-Energy Ash Management in Europe. Figure 10 

Bottom ash leaching test results obtained by the German compliance test in 1996 (Adopted from [27]) and in 2005 
(Adopted from [19]) {h electric conductivity) 


Figure 10 shows the results for 26 samples taken 
routinely in 1994 over 1 year from an industrial ash 
treatment site [27]. The test at that time was almost 
identical with the DIN EN 12457-4 procedure. The 
results for the environmentally interesting heavy metals 
were always well below the respective standards. The 
only component exceeding the limit in a few cases was 
sulfate. This limit has been set to protect concrete 
structures from corrosion attack. 


In 2005, equivalent data were published for bottom 
ashes of the Hamburg, Germany, waste incineration 
plants [19]. Except for the much better sulfate values 
the results are almost the same (Fig. 10). 

Meeting standards is a prerequisite to get approval 
for utilization, more detailed information about the 
potential environmental impact may be achieved by 
running the same tests on bottom ashes and other 
building materials. This has been done using aged 
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Waste-to-Energy Ash Management in Europe. Figure 11 

Leaching test results obtained by the German compliance 
test on bottom ashes, recycled concrete, and gravel 
(Adopted from [28]) 


ashes are categorized as reactive residues. Only 
stone-like materials are accepted as building materials 
and stone-like refers to the concentration and not to 
the mobility of a single constituent. Since the bottom 
ashes contain higher amounts of heavy metals than 
the lithosphere (see Fig. 3), almost no utilization is 
practiced. Bottom ashes have to be disposed of or they 
must be converted into stone-like materials by ade¬ 
quate measures. 

The practiced management strategies for bottom 
ashes from European WTE plants are shown in 
Fig. 12. The data are taken from Eurostat, the statistical 
office of the EU [30], and from CEWEP, the Confeder¬ 
ation of European Waste-to-Energy Plants [31]. 

As can be seen, most countries with a high share of 
waste incineration and hence high bottom ash figures 
utilize a significant fraction of that material, mainly in 
road construction. 


bottom ashes from a German waste incinerator, sec¬ 
ondary building material recycled from a demolished 
highway bridge, and gravel from the river Rhine. The 
results are shown in Fig. 11 [28]. The bar plot docu¬ 
ments that the difference in leaching stability of the 
three materials is surprisingly small, although there is 
no doubt, that the inventory of the selected metals in 
bottom ash is much higher than in concrete and espe¬ 
cially in gravel. 

Utilization of Bottom Ashes in Europe 

According to the above discussed bottom ash quality, it 
can be stated that bottom ashes from modern and well- 
operated WTE plants meet the LAGA limits for utili¬ 
zation easily and do not behave significantly differently 
from conventional building materials. Hence, there is 
no reason not to utilize - after careful testing - such 
materials for e.g., road construction [29]. 

This use is common practice in countries with 
geological conditions hampering the siting of landfills 
like the Netherlands, Belgium, or Denmark. These 
countries utilize 90% and more of the bottom ashes. 
The respective number for Germany is approx. 85%. 
Some other countries like France are nowadays also 
encouraging bottom ash utilization. 

A different strategy is followed by the Swiss 
authorities. According to their regulations, bottom 


Quality Improvement by Sintering 

The above presented high leaching stability of bottom 
ash needs to be achieved permanently. This leads to the 
question, how to guarantee such high quality. A self- 
evident approach is the establishment of high temper¬ 
atures in the fuel bed to volatilize mobile metals and 
halogens out of the bed material and to immobilize 
lithophilic species by sintering. Since sintering is a solid 
phase respeciation with stabilization of many heavy 
metals in the silicate-rich lattice of the bottom ash, 
a higher residence time of the ash at higher temperature 
in the furnace promotes the formation of inert species. 

This strategy has been investigated in laboratory 
scale by sinter experiments using fresh bottom ashes 
from two German incineration plants [10]. The ashes 
were treated thermally under atmospheric air at tem¬ 
peratures of 850°C, 1,000°C, and 1,300°C for 30 min 
each. At the latter temperature, the material was 
melted. The resulting DEV S4 leaching data of the 
products of these tests are presented in Fig. 13. 

The graph indicates a significant improvement of 
the leaching stability of four selected metals by the 
treatment. At 850°C and 1,000°C, comparable effects 
were observed. The fusion, however, did not improve 
the elution stability significantly. This finding is 
supported by the comparison of test results from bot¬ 
tom ashes with those published for molten residues 
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Waste-to-Energy Ash Management in Europe. Figure 12 

Production, disposal on landfills, and utilization of bottom ashes in all European countries which operate WTE plants 
in 2008 
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Waste-to-Energy Ash Management in Europe. Figure 13 

Leaching test results of thermally treated bottom ashes 
and concrete 

from high-temperature processes like Thermoselect or 
the Siemens Thermal Waste Recycling Process [32]. 

The stabilization by sintering was also validated in 
semi-technical experiments with fresh bottom ashes 
from a full scale incineration plant [33]. 


Based on these results, it can be concluded that 
sintering at temperatures of 850° C has a stabilizing 
effect upon heavy metals. The energy consuming - 
and thus more costly - fusion, however, does not 
pay since no significant further fixation could be 
observed. Hence, a simple in-plant measure to pro¬ 
duce bottom ashes of high leaching stability can be 
recommended: The bed material should be kept at 
high temperature for as long as possible at the back 
end of the grate. 

This is common practice in Europe today, attempts to 
implement melting or fusion processes into conventional 
waste incineration plants or to establish a market for 
combined processes with molten slag like Thermoselect 

[35] , the Siemens Thermal Waste Recycling Process 

[36] , or the Von Roll RCP Process [37] failed in Europe 
- in spite of strong efforts during the 1990s. Main 
reasons were energy consumption and complexity of 
the processes which caused high process costs as well as 
technical problems. 

Other stabilization processes like stabilization by the 
addition of phosphates (WES-PHIX process) are also 
not common since the quality of bottom ashes from 
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well-operated incineration plants meets all require¬ 
ments for safe long-term disposal or even utilization - 
as has been laid out above. 

Boiler and Filter Ashes 

Characterization 

Boiler ashes are deposited at temperatures between 
approx. 800° C and 200° C, filter ashes typically at tem¬ 
peratures slightly below 200°C. That is why heavy 
metals and other species which are volatilized inside 
the combustion chamber are to some extent precipi¬ 
tated on the dust surfaces. The concentration of volatile 
elements like Zn, As, Cd, or Pb can exceed that in grate 
ashes significantly as is shown in Fig. 14. The inventory 
of halogenated organic micro-pollutants like PCDD/F 
or PCB which are mainly synthesized inside the boiler 
or of PAH which are an indicator for incomplete com¬ 
bustion is also increased compared to that in bottom 
ashes (compare Table 2). 

Since filter ashes are precipitated at lower tempera¬ 
tures than boiler ashes and since they have a much finer 
particle size distribution and offer higher surfaces for 


condensation their concentrations of heavy metals, of 
halogenides, and of organic micro-pollutants are 
typically higher. 

Disposal Practice 

Due to their elevated pollutant inventory boiler and 
filter ashes have to be characterized as hazardous waste 
and must not be combined with the bottom ashes. 
They have to be typically disposed of on special - and 
expensive - disposal sites, preferentially in the under¬ 
ground. A compilation of filter ash production as well 
as disposal strategy in European countries is found in 
Table 3. The data have been compiled from CEWEP 
member’s questionnaires [31]. 

The table documents that the by far prevailing 
management strategy is the disposal on hazardous 
landfill sites. 

In Germany boiler and filter ashes can be used in 
old salt mines for backfilling of caverns. This practice is 
according to national regulations acknowledged as uti¬ 
lization. The same strategy is followed in Norway where 
filter ashes can be “utilized” for backfilling an old 
granite quarry on the small island Langoya. Norwegian 
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Waste-to-Energy Ash Management in Europe. Figure 14 

Concentration ranges of selected elements and PCDD/F in bottom and filter ash 
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Waste-to-Energy Ash Management in Europe. Table 3 Filter ash production and management in selected countries 
[CEWEP 2006] (’estimated) 


Country 

Year 

Production (Mg) 

Management strategy 

Austria 

2004 

40,000 

Mainly salt mine backfilling, hazardous landfill 

Belgium 

2004 

50,000 

Solidification and hazardous landfill 

Czech Republic 

2004 

6,000 

5,000 hazardous landfill, 1,000 underground mine 

Denmark 

2004 

86,834 

100% recycled (salt mine after special treatment) 

France 


400,000 


Germany 

2005 

650,000 

Utilization in salt mine, minor amount hazardous landfill 

Hungary 

2005 

13,585 

Hazardous landfill 

Italy 

2004 

71,814 


Netherlands 

2003 

82,200 

50% utilized in mines and construction (e.g., asphalt filler) 

Portugal 

2005 

40,000 

Inertization before hazardous landfill 

Spain 

2005 

94,420 

Hazardous landfill 

Sweden 

2004 

138,000 

Landfilling + utilization in Norway (Langoya) 

United Kingdom 1 

2000 

78,125 

Hazardous landfill 


data were not available but some filter ashes from 
Sweden are going to that place as well. 

A different utilization of filter ashes is practiced in the 
Netherlands. Out of the noted 50% utilized ashes a certain 
amount is used as filler in asphaltic layers on roads, others 
are shipped to German salt mines for backfilling. 

Stabilization Processes 

The high expenses for a sustainable final disposal of 
boiler and filter ashes were reason for numerous 
attempts to detoxify these materials in order to get access 
to less expensive disposal routes or even to utilization 
scenarios. A broad spectrum of different processes has 
been proposed and tested in different scales. Table 4 tries 
to categorize the various treatment options. 

It is evident that solidification or stabilization pro¬ 
cesses do not alter the toxic inventory of a material. The 
inertization by chemical reactions or the formation of 
a diffusion barrier does only last for a limited time. Two 
processes have been in full scale application for many 
years: the “Bamberg Model,” where filter ashes are 
stabilized on a landfill by mixing with the neutraliza¬ 
tion sludge of the wet scrubber effluents [39], and in 
Switzerland the stabilization of filter ashes by cement 
after washing [40]. 


Waste-to-Energy Ash Management in Europe. Table 4 

Procedures for treatment of boiler and filter ashes 


Principle 

Process 

Solidification/ 

stabilization 

Without additives (Bamberg Model) 
Cement based systems (e.g., Portland 
cement, alinite) 

Waste pozzolanic systems (e.g., coal 
fly ash) 

Chemical stabilization (e.g., sulphides, 
TMT15™) 

Organic additives or matrix (e.g., 
bitumen) 

Thermal 

treatment 

PCDD/F destruction (Hagenmaier drum) 
Sintering (mineral respeciation) 

Fusion (melting without additives) 
Vitrification (melting with additives) 

Combined 

processes 

Acid extraction + sintering (3R process) 
Stabilisation with FeS04, oxidation, 
sintering (Ferrox process) 


Thermal treatment can be performed at moderate 
temperatures in the so-called Hagenmaier Drum at 
400°C to destroy dioxins [41]. This process is actually 
used in Japan; in Germany only few plants operated it 
in the 1990s as pilot plants. 
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Another option is vitrification at high temperatures 
(>1,300°C) to produce glassy products. Vitrification is 
mainly favored in Japan as is the case for the bottom 
ashes. The molten products are distinguished by excel¬ 
lent leaching stability. Care has to be taken to avoid air 
pollution by evaporation of metal compounds. The 
energy consumption of all of these processes, however, 
is very high and is by far not compensated by the poten¬ 
tial to recover metals. That is why such processes - 
although developed as described for the bottom 
ashes - did not conquer the market in Europe. 

A third strategy - more in line with the demand for 
simple and in-plant measures - is followed by the 3R 
process which combines an acid extraction of soluble 
heavy metal compounds (by use of the acid flue gas 
cleaning solution) with a thermal treatment of the 
compacted extraction residues in the combustion 
chamber [42]. A plant equipped with this process has 
no filter and boiler ash stream and with that no need for 
a separate disposal of these critical residues. A scheme 
of the process is shown in Fig. 15. The technical dem¬ 
onstration revealed that the grate ashes from a 3R pro¬ 
cess which contain the leached filter ashes show 
excellent and not negatively altered leaching properties 
of heavy metals and that the PCDD/F are almost totally 
destroyed [43]. 


A similar process called FLUWA is practiced in 
a number of Swiss waste incineration plants. A main 
target in the further development of this process is 
the recovery of heavy metals out of the extraction 
solution [44]. 

The Ferrox process for treatment of filter ashes and 
APC residues involves washing of the residues in 
a ferrous sulfate solution and contemporary oxidation 
of the iron to form insoluble iron hydroxides and oxide 
hydrates [45]. The products have the quality to be 
landfilled or they can for quality improvement be fed 
back into the combustion chamber for further thermal 
treatment. Tests in a pilot plant documented the almost 
total destruction of PCDD/F and an excellent leaching 
stability of heavy metals after such sintering [46, 47]. 

Residues from Gas Cleaning 

The residues from wet gas cleaning without water dis¬ 
charge and those from dry or semi-dry APC systems 
carry high levels of soluble salts, especially of alkali and 
earth-alkali chlorides or sulfates. Due to the high solu¬ 
bility, a safe disposal can only be guaranteed on special 
and expensive disposal sites. Attempts have been made 
to utilize parts of the ingredients of these residues in 
order to minimize the disposal problem. The challenge 



extrusion heavy metal recovery 
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Waste-to-Energy Ash Management in Europe. Figure 15 

Scheme of the 3R process 
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is the closing of the chlorine cycle. Different processes 
to recover NaCl [48], HC1 [49], Cl 2 [50], or gypsum 
[49] have been tested. All such processes can only be 
successful if they end up with high quality products and 
if there is a long-term market for the products. Today, 
for example, in Germany only few MSWI plants pro¬ 
duce HC1 [51]. All other processes did not make it to 
the market due to unfavorable economy. 

As mentioned above already, in Germany the dis¬ 
posal of gas cleaning residues and filter ashes for 
backfilling of caverns in old salt mines is acknowledged 
as utilization. This practice is widely used, to some 
extent also by neighboring countries. 

Conclusions 

European waste incineration plants aim since the early 
1990s for the production of high quality bottom ashes 
for their safe disposal or even utilization as secondary 
building material. In line with this development also 
the sustainable management of boiler and filter ashes as 
well as of gas cleaning residues became of central 
concern. 

Recommendations in that direction have been elab¬ 
orated in the 1980s and 1990s; respective processes and 
operation protocols have been developed and have 
meanwhile been widely adopted by modern plants all 
over Europe. The major principles for achieving good 
management of WTE residues are compiled below. 

• Adequate combustion control and careful sintering 
of the bed material at the back end of the grate 
guarantee an excellent burnout and cause a good 
fixation of heavy metals. 

• Simple washing of the bottom ashes, preferentially 
in-plant in a modified quench tank, reduces the 
leaching of chlorides to very low levels. 

• The resulting products have a high potential for 
utilization, for example, according to German reg¬ 
ulations in road construction. 

• Post-combustion treatment of bottom ashes 
increases the incineration cost without improving 
the elution stability significantly. 

Most problems in the field of residue management 
are well understood today and in most cases appropri¬ 
ate technologies exist already. However, further devel¬ 
opment, especially in view of optimized energy 


recovery, is expected. It is obvious that primary and 
in-plant measures have to be preferred rather than 
secondary post-combustion techniques. 

Future Directions 

The process of unification of waste management in the 
EU member states will continue, and it is most likely 
that in future all countries will enact a landfill ban for 
reactive waste. It can also be envisaged that in all mem¬ 
ber states recycling will catch up with the actually 
leading countries. This development in line with the 
expected convergence of economy and lifestyle will 
promote WTE in the EU. The quality of residual 
waste will not change dramatically in view of its calo¬ 
rific value, but their inventory of some ingredients, 
especially of metallic species, will hopefully decrease 
by advanced recycling strategies. 

With the increased application of WTE the genera¬ 
tion of solid residues from this process will increase as 
well. The technological progress should care for 
a higher quality of bottom ashes. However, whether 
this will go along with an increased utilization has to 
be waited for. The niche market as secondary building 
material is limited, but the required quality will allow 
a safe and easy aftercare-free disposal of these materials. 

The efforts for metal recovery from filter ashes - 
seen today in Switzerland - will find an echo in other 
countries and will pave the way for a tendency to 
inertize these actually problematic residues and to 
achieve their easier final disposal. 

The today and also in future problematic residues 
from WTE processes are the scrubbing residues. For the 
time being there is no convincing solution for the 
management of these highly water soluble substances 
other than their disposal in old salt mines - may it be 
acknowledged as utilization or not. This option is for 
most countries not accessible. Hence further research is 
necessary, but from a chemical perspective most of the 
water soluble species, for example, alkali halogenides, 
cannot easily be stabilized against leaching. Hence, 
eventually other practicable approaches have to be 
considered. 

Either recovery of chlorine and extended utilization 
of sulfur compounds are improved, or these species are 
discharged into their natural sink - the ocean. Of 
course, such strategy would need a significant change 
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in our present gas cleaning “philosophy” Which tech¬ 
nology will be preferred in future is open; however, 
there is great hope that a sustainable solution will be 
found. 
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Glossary 

Analysis Laboratory testing to determine composition 
and properties. 

Ash residue Noncombustible solid matter remaining 
after combustion of municipal or other waste. 
Beneficial use Application of ash residues to useful 
purposes as distinguished from disposal in landfills. 
Bottom ash Noncombustible residues collected from 
the bottom of a combustion process such as a stoker. 
Contaminants Minor and unwanted chemicals and 
salts that may be harmful to health and the 
environment. 

Fly ash Fine solid particles derived from combustion 
and carried by gaseous products of combustion. 
Heavy metals Metallic chemical element within the 
upper range of atomic weights, such as the lead 
and cadmium contained in ash residues. 
Landfilling Placing municipal or other wastes upon 
the land. 

Leaching Process of extraction of water-soluble metals 
and compounds by water passing through a solid 
waste. 


Testing Laboratory analysis of ash residues to deter¬ 
mine composition and properties. 

Treatment Processing of ash residues to change 
characteristics or remove harmful components to 
reduce or eliminate contamination of the 
environment. 

Definition of the Subject 

Municipal solid waste (MSW) contains organics that 
can be converted to heat and power and should not 
be wasted by dumping in landfills. However, waste- 
to-energy (WTE) ash residues contain substances 
that have the potential to contaminate the environ¬ 
ment. Management of ash residues therefore 
requires procedures that assure placement in land¬ 
fills wherein leachate is collected, or treated to min¬ 
imize the toxicity of the residues, possibly for 
beneficial use. 

Regulations for management of ash residues have 
developed differently in various countries, in accor¬ 
dance with the physical and political situation and 
also the costs of the alternatives. Procedures used by 
WTE facilities in the USA require testing of the com¬ 
bined residues from the stoker, boiler, and emission 
control system to ensure meeting established federal 
and state regulations. Most of the “combined” ash 
produced in the USA is disposed in sanitary landfills 
as Alternative Daily Cover and for other landfill main¬ 
tenance needs. In contrast, in many European countries 
bottom ash is used beneficially, for example, for road 
construction. 

Procedures for managing WTE ash in the USA are 
described below. A following chapter in this Encyclo¬ 
pedia, by Dr. Jurgen Vehlow, discusses the management 
of WTE ash in Europe and Japan. 

Introduction 

In the past and even today in many parts of the world, 
waste materials have been simply dumped, out of sight 
and out of mind, without regard for their impact on the 
environment. Rain falling on these deposits leaches 
toxic metals, and other hazardous materials that can 
contaminate the soil, air, and waters. Recycling of 
usable materials is common practice but cannot 
recover more than one-half of the waste generated by 
our society, at the most. Landfilling can be reduced to 
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a minimum by means of combustion with energy 
recovery, also called waste to energy (WTE). 

Municipal solid waste (MSW) is combusted to pro¬ 
duce energy throughout the world, especially in devel¬ 
oped countries where landfilling is very costly or 
prohibited. The energy stored in the hydrocarbons 
contained in MSW is recovered efficiently by means 
of combustion with heat recovery. The environmental 
impact of the combustion gases is minimized by the air 
pollution control (APC) system of the WTE plant. 
However, the noncombustible fraction remains as 
a residue, requiring processing, transportation, and 
disposal or, preferably, beneficial use. The cost of 
disposing of WTE residues represents a considerable 
part of the operating cost of the facility. Therefore, 
management and disposal of ash residues is an 
unavoidable and critical component of recovering 
energy from waste. 

Ash residues from the combustion of MSW 
include the bottom ash, siftings, boiler ash, fly ash, 
and any other residues of the APC system. In 
particular, the APC residues contain the volatile 
metals contained in the raw waste in concentrated 
form and have the potential to contaminate the 
environment. Regulations controlling the manage¬ 
ment of ash residues vary from country to country, 
reflecting different political and physical situations 
and the cost of alternatives. In the USA, where over 
60% of the MSW is still landfilled in sanitary land¬ 
fills, all ash residues are usually mixed together 
(“combined ash”), tested for toxicity, and then dis¬ 
posed of in MSW landfills as daily cover of the 
working area and other maintenance needs, or in 
dedicated landfills called “monofills.” All these land¬ 
fills are lined so that the leachate can be collected 
and treated before being discharged. Bottom ash has 
also been used beneficially in the USA but to a very 
limited extent. 

In northern Europe, where landfills have been 
phased out and are more costly and even prohibited, 
WTE bottom ash has been used beneficially, for exam¬ 
ple, as a substitute for aggregate materials, for use as 
road base, and for filling trenches carrying pipes for 
district heating. In Japan, ash residues must be vitrified 
or otherwise treated so as to permit beneficial use 
and/or to eliminate the risk of contamination of the 
environment. 


The ash residues from combustion of municipal 
solid waste represent from 20% to 30% of the weight 
of incoming waste and 10% of its volume. Since they 
are generally in a wet condition when disposed, mois¬ 
ture represents 25 or more of their weight. Additives, 
such as calcium oxide, that are used to capture acid 
gases and other contaminants in the flue gas add to the 
weight to be disposed. 

The disposal of ash residues must take into 
account the impact on the environment since soluble 
toxic metals can be leached out when subjected to 
rainfall or contact surface or groundwater. Also, 
reagents used to capture the acid gases may be solu¬ 
ble and influence the solubility of metals. Recogni¬ 
tion of these hazards has led to strict environmental 
controls and requirements for testing of the residues 
and the leachate. Procedures have been developed to 
protect the environment and to encourage and per¬ 
mit beneficial uses of the ash, in preference to 
landfilling. 

After passage of the Clean Air Act, the United States 
Environmental Protection Agency (U.S. EPA) was 
established. The Resource Conservation and Recovery 
Act of 1976 (RCRA) empowered the EPA to regulate 
residues from solid waste incinerators. The U.S. EPA 
then had to generate research needed to develop and 
promulgate regulation of waste disposal, particularly 
management of landfills. Regulations were also devel¬ 
oped to assure environmentally acceptable combustion 
of wastes. 

Ash Residues from Waste Combustion Systems 

Ash residues are discharged at various locations from 
the combustion and emission control equipment: 

• Bottom ash issuing from the discharge of the stoker 
grate consists of glassy residues, glass, and metallic 
objects, containing 1-3% carbon. It is usually 
quenched with water, although it can also be col¬ 
lected in a dry state. 

• Stoker grate siftings fall though clearances in the 
grates and are collected with the bottom ash. 
These may include partially or totally unburned 
organic matter. 

• Boiler ash , carried from the grate by the combustion 
gases, consists of flying particles and condensed 
metal vapor that may attach to refractory and 
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water-cooled walls and be caught on boiler surfaces, 
and has to be removed periodically. It may fall onto 
the stoker in the bottom ash, or it may be collected 
in hoppers and be discharged into the bottom ash. 

• Fly ash is carried by the combustion gases through 
the furnace, boiler and emission controls. It may be 
collected in hoppers, by a wet scrubber or by an 
electrostatic or fabric filter. It may be removed sep¬ 
arately or combined with the bottom ash. 

• Scrubber reaction products , collected at the bottom 
of a spray-dry or dry lime-injection acid gas scrub¬ 
ber, include fly ash and reacted or partially reacted 
alkaline reagents such as lime, and activated carbon. 

• Mixed ash may contain siftings, bottom ash, boiler 
deposits, fly ash, and scrubber residues. 

Figure 1 is a schematic diagram of the Wheelabrator 

WTE facility built in Saugus, Massachusetts in 1975. 


Municipal solid waste (MSW) is fed by crane from the 
storage pit to the stoker, where it is burned. Bottom ash 
residues fall from the end of the stoker into a quench 
tank, and are conveyed to a trommel screen which 
removes bulk metal. The ash drops onto a conveyor, 
passes under a magnet to remove fine ferrous material, 
and drops into the aggregate hopper and a transport 
truck. Fly ash from the combustion chamber passes 
through the boiler, dropping some boiler ash into boiler 
and precipitator hoppers, then through the precipita¬ 
tor which collects the fly ash in storage hoppers before 
being sent out as cement supplement. 

Composition of Municipal Waste 

Municipal solid waste (MSW) typically contains about 
50% combustible matter, 25% moisture, and 25% 
noncombustible inert materials (Fig. 2). A portion of 
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Schematic of Wheelabrator waste management facility, Saugus, MA [33] 
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Composition of MSW 



Combustibles 

51% 


Waste-to-Energy Ash Management in the United 
States. Figure 2 

Typical composition of municipal solid waste (MSW) [27] 


the metals and glass can be reduced by recycling. The 
chemical composition of MSW is determined by labora¬ 
tory analysis, after the large inert materials (metals, 
glass, and ceramics) are removed and accounted for, 
as performed by ASTM procedures [3]. Table 1 shows 
a typical ultimate analysis of the combustibles, 
containing 6.86% inherent ash. The noncombustible 
major metals constitute 99% of this, mainly aluminum, 
calcium, sodium potassium, and silicon, as shown in 
Fig. 3 [27]. Trace metals, totaling about 1% of the 
noncombustibles are mainly zinc, tin, lead, and 
chromium. 

Table 2 shows the range of quantities of residues 
generated from combustion of MSW and associated 
emission controls in 1989. The dry bottom ash and 
fly ash may constitute 27-39% of the weight of MSW. 
Residues from various types of acid gas emission con¬ 
trols may add 1-5% [47]. 

Metals Found in Bottom Ash and Fly Ash 

The metals found in combined bottom ash and fly ash, 
in fly ash and in combined fly ash, and scrubber resi¬ 
dues are shown in Table 3 [24]. Lead, cadmium, and 
zinc exist in high concentrations in the fly ash since 
they are volatilized at combustion temperatures. Poten¬ 
tially toxic metals in the fly ash, such as lead, cadmium, 
chromium, and nickel, are mainly derived from pig¬ 
ments, fillers, and inks used in or on paper and plastic 
products. 


Waste-to-Energy Ash Management in the United 
States. Table 1 Composition of municipal solid waste 
(MSW) [27] 


Ultimate analysis of 
combustibles 

Percent 

Metals in 
ash 

Percent 

Carbon 

35.02 




Oxygen 

30.16 




Hydrogen 

11.67 




Sulfur 

1.88 




Chlorine 

0.25 




Moisture 

19.16 




Ash 

6.86 

-► 

Aluminum 

33.21 

Total 

100.00 


Calcium 

30.20 




Sodium 

17.50 




Potassium 

13.12 




Silicon 

5.00 




Major 

metals 

99.04 




Zinc 

0.400 




Lead 

0.310 




Tin 

0.150 




Chromium 

0.047 




Nickel 

0.020 




Cadmium 

0.009 




Copper 

0.007 




Minor 

metals 

0.960 




(Total) 

100.000 


Chemical Composition of Ash Residues 

The chemical composition of bottom ash and fly ash 
consists of the minerals found in earth. Fly ash contains 
greater amounts of the earth metals, the trace metals, 
lead, cadmium, and zinc, and the highly soluble chlo¬ 
ride and sulfate salts. The fly ash/scrubber residues 
(Table 4) consist mainly of calcium, silica, alumina, 
and iron oxides. Table 4 compares the concentration 
of lime (calcium oxide) and other minerals found in air 
pollution control (APC) residue to that in Portland 
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Metals in Ash Residues 
1% 



■ Aluminum 

■ Calcium 

■ Sodium 

■ Potassium 

■ Silicon 

■ Trace metals 


Waste-to-Energy Ash Management in the United 
States. Figure 3 

Metals in ash residues from municipal waste [27] 


Waste-to-Energy Ash Management in the United 
States. Table 2 Quantities of combustion and emission 
control residues 



Source : Thome-Kozmiensky [47] 


cement and flue gas desulfurization (FGD) ash from 
a coal-fired power plant [28]. Vitrified slag from MSW 
consists primarily of silica, iron, calcium, sodium, and 
aluminum [1]. 

Density of Ash Residues 


Waste-to-Energy Ash Management in the United 
States. Table 3 Metals in combined ash, fly ash, and fly 
ash/scrubber residues 


(Parts per million parts of ash by weight) 

Metal 

Combined 

ash 

Fly 

ash 

Fly ash/scrubber 
residue 

Aluminum 

17,857 

27,500 

12,714 

Calcium 

33,642 

64,857 

176,428 

Sodium 

3,828 

26,028 

1,292 

Potassium 

3,071 

36,928 

8,450 

Iron 

20,428 

10,857 

3,314 

Chloride 

928 

65,428 

164,285 

Sulfate 

7 

33 

8 

Lead 

3,142 

22,143 

3,257 

Cadmium 

35 

642 

160 

Zinc 

4,107 

53,500 

9,143 

Manganese 

534 

649 

365 

Mercury 

ND 

3 

73 


Source : Forrester [24] 


Waste-to-Energy Ash Management in the United 
States. Table 4 Comparison of MSW APC waste with 
Portland cement 


Component 

MSW/APC 3 

residue 

Portland 

cement 

Utility 15 
FGD ash 

MSW C 

slag 

CaO 

62-67 

24 

37 

14 

SiO 

18-24 

28 

24 

61 

Al 2 0 3 

4-8 

14 

6 

5 

Fe 2 0 3 

1.5-4.5 

5 

3 



a MSW/APC residue: fly ash plus spray-dry acid gas control 
b Utility scrubber residue (From Goodwin [28]) 
c Slag obtained by fusing MSW ash residues [1] 


Densities of fine and coarse fly ash from a WTE using 
a dry lime-injection scrubber and baghouse range from 
1,900 to 2,600 kg/m 3 . 


Combined ash produced by the combustion of MSW 
has densities ranging from 1,040 to 1,200 kg/m 3 at 
moisture content of 15-25%. In a mono fill, combined 
ash is about 2,200 kg/m 3 , at about 20% moisture [29]. 


Moisture Content 

Moisture content of ash residues can range widely, 
from 15% to 57%, depending on whether a semidry 
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ash discharger or a water quench tank is used. Excessive 
moisture content increases disposal costs. Maintaining 
minimum but sufficient moisture essentially eliminates 
dust liberation and fugitive dust problems. Controlling 
moisture can optimize landfill density. Dry fly ash 
needs to be conditioned with water to eliminate 
dusting. 

Particle (Grain) Size Distribution 

Typical size distributions of bottom ash and fly ash, an 
important factor in disposal and beneficial use of ash 
residues, are shown in Fig. 4. Typically, these distribu¬ 
tions plot as straight lines on log-log paper. The “knee” in 
the fly ash curve indicates the presence of agglomerated 
fly ash. The size distribution of bottom ash corresponds 
well with specifications for aggregate materials [7]. 

Solubility of Metals in Water 

Water containing high concentrations of dissolved 
metal compounds has the potential to contaminate 
the environment and drinking water supplies. The 
solubility of the trace toxic metals depends upon 
their chemical form and on the acidity or alkalinity 
(pH) of the water with which they are in contact. The 


Size distribution - Bottom and fly ash 



■ Bottom + Boiler * Fly ash □ Combined 


Waste-to-Energy Ash Management in the United 
States. Figure 4 

Size distribution of particles in bottom and fly ash [7] 


acidity or alkalinity of ash residues in the presence of 
water, as measured by pH, generally ranges from neu¬ 
tral (pH = 7) to alkaline (pH = 9). When large amounts 
of unreacted lime are present, higher alkalinities, up to 
pH = 11, maybe encountered. 

Table 4 compares the amount of lime (calcium 
oxide) found in air pollution control (APC) residues 
with that found in Portland cement. Hydroxides, sul¬ 
fates, and chlorides are more soluble and more readily 
available for leaching than oxides, silicates, and carbon¬ 
ates. The sulfate and chloride forms of lead and cad¬ 
mium, found mainly in fly ash as the result of reaction 
with the sulfur and chlorine in MSW, are highly soluble. 

Most metals are only slightly soluble in water at 
a pH range from 6 to 9. However, under acidic condi¬ 
tions, such as pH of 5 or less, solubility increases 
rapidly. While most metals are not soluble under alka¬ 
line conditions, lead becomes highly soluble at a pH 
greater than 10. Since lime has a pH of 12, large quan¬ 
tities of unreacted lime in the fly ash from acid gas 
control devices can increase the concentration of lead 
in the solution. See Fig. 5. 

Soluble Salts in Fly Ash 

In general, fly ash contains a large fraction of soluble 
salts, due to the sulfur and chlorine in the waste. Alka¬ 
line reagents such as caustic soda and lime, used as 
scrubbing agents for acid gas control, react with the 
acid gases to form soluble salts such as sodium and 
calcium chloride and various sulfates. Table 5 shows the 
analysis of the fly ash and scrubber residues from 
a spray-dry scrubber and the soluble fraction which 
totals 56% of the fly ash, primarily chlorides and sul¬ 
fates [40]. 

Permeability of Ash Residues 

Permeability is the property of a material that measures 
the velocity at which water will pass through the mate¬ 
rial, usually reported as centimeters per second (cm/s). 
The permeability of compacted ash has been measured 
to be from 1 x 10 -6 to 1 x 10 -9 cm/s. For comparison, 
landfill liners are typically required to have 
a permeability of 1 x 10 -7 cm/s. It is possible to 
prepare ash for use as a landfill liner, thus meeting 
this specification by proper compaction, and by adding 
Portland cement and/or lime [24]. 
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Pb and Cd is Ash Leachate vs. pH 



Waste-to-Energy Ash Management in the United States. Figure 5 

Solubility of lead and cadmium as a function of pH of the solution. The limits set by the U.S. EPA are indicated: 5 mg/L for 
lead and 1 mg/L for cadmium. The detection limit is 0.02 mg/L (From Donnelly et al. [12]) 


Waste-to-Energy Ash Management in the United 
States. Table 5 Solubility of fly ash residues of dry scrub¬ 
ber [40] 


Residue 

Weight percent 

Soluble percent 

Fly ash 

40 


CaCI 2 

27 

27 

CaS0 3 . 0.5 H 2 0 

20 

20 

CaS0 4 -2 H 2 0 

5 

5 

CaF 2 

2 

2 

Lime inerts 

2 


CaC0 3 

2 


MnCI 2 

1 

1 

Heavy metals 

1 -2 

1 


100 

56 


Handling of Ash Residues 

Wet quench systems cool the residues and permit them 
to be removed from the quench tank by means of drag 
conveyors. Ash residues commonly have a moisture 
content of about 50%. 

Drag conveyors extract ash residues from water- 
filled quench tanks. They consist of flytes attached to 
moving chains carried over sprockets, configured to 


carry the ash residues up a slope so that they can be 
conveniently discharged. 

Semi-wet systems quench the residues with water, 
but employ mechanical dischargers to push the residues 
out with a minimum amount of moisture. The heat 
remaining in the residues serves to drive off moisture so 
that the discharged residues may have moisture content 
close to 25%. 

Dry removal of the ash residues makes it possible to 
remove the fine ash component by screening, leaving 
a useful granular aggregate and a relatively clean ferrous 
product. 

Screw conveyors move powder-like dry ash from fly 
ash hoppers to other locations where they are dropped 
into water tanks, conditioning (wetting) devices for 
damp discharge, or into dry collecting containers. 

Vibrating conveyors convey damp ash residues from 
ash dischargers to processing devices or receiving 
containers. 

Vibrating screens separate ash residues into various 
size fractions, to remove rejects and produce useful 
fractions. 

Grizzley screens remove oversize objects such as 
wood, bulky appliances, wheels, and miscellaneous 
metal objects from the ash residue. Vibrating rails sep¬ 
arate out the oversize objects. 

Trommels are rotary screens that remove oversize 
objects and clean ash residues to obtain more uniform 
products. 
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Magnetic separators used to recover ferrous metal 
are usually placed after grizzley screens to reduce inter¬ 
ference by oversize objects. 

Pneumatic conveyors transfer fly ash from ash hop¬ 
pers to remotely located containers. Blower air and 
fabric filters are used to separate the fly ash from the 
transport air. 

Handling and Storage 

Handling and disposal of ash residues must not allow 
contamination of the environment by fugitive dust or 
by leaching into the environment or water supplies. 
Dusting is minimized by keeping the residues in 
a moist condition [30]. 

Stored ash residues must be properly managed to 
prevent unacceptable discharge of dust or leachate. 
Runoff and leachate must be collected, supervised, 
and properly disposed of so that soluble metal com¬ 
pounds and salts do not contaminate the environment. 

Storing of ash allows chemical reactions that bind 
the metals to take place, reducing leaching potential. 
Rainwater percolating through the pile cleans the ash 
while slowly leaching out the available (soluble) metals. 

Ash containers must be drainable to recover leach¬ 
ate, and watertight to prevent leachate from running 
off into the environment. 

Transportation of ash residues must be in covered 
containers to prevent dust from escaping into the envi¬ 
ronment. Containers, vehicles, and roads must be 
washed if contaminated with ash. The wastewater 
must be disposed of properly or recycled back to the 
ash quench tank. 

Processing 

Ash residues can be processed at the waste-to-energy 
facility in order to reduce the rate of release of contam¬ 
inants into the environment, facilitate disposal, 
improve the quality of the residues, remove valuable 
useful or harmful materials, and to prepare portions of 
the ash for beneficial use. The residues can be treated by 
washing, chemical treatment, or the use of additives 
and specific chemicals in order to retain, remove, or 
immobilize potentially toxic compounds. 

Screening processes remove unwanted oversize and 
undersize components and separate the ash into usable 
products, including aggregate for use in construction. 


Washing processes can provide clean aggregate 
materials and ferrous metals for beneficial use, and 
remove cementitious fly ash. Wash water can be 
processed and recirculated. The blowdown stream 
must be treated or evaporated to remove/recover 
and render harmless the dissolved metals and salts 
[20, 35]. 

Metal Separation 

Metals are recovered not only for their commercial 
value, but also to minimize problems in beneficial use 
of the ash residues. As much as 15% of the bottom ash 
from mass-burn facilities is ferrous material that can be 
extracted magnetically. Conventional systems recover 
60-70% of the ferrous metals and roughly 30% of 
aluminum, copper, and stainless steel, the nonmagnetic 
metals. 

Tumbling of the ferrous product in a trommel can 
separate contaminants to improve quality. 

Ferrous metals can be recovered and removed 
from bottom ash by magnetic separation systems, 
using either over-band or drum systems (Fig. 6). Non- 
ferrous metals are recovered by eddy current separators 
(Fig. 7) [50]. 

After ferrous separation and screening, bottom ash 
residues have been used for fill and road base. 

Treatment 

Various methods of treatment of the bottom ash may 
be used to reduce the amount of leachable metal and 
salt concentrations, and thus render the ash more envi¬ 
ronmentally acceptable, as well as improve the chemi¬ 
cal and physical stability and durability of the product 
so that it can be used for a variety of purposes. Treat¬ 
ment methods include ferrous separation and compac¬ 
tion, and various methods that modify release rates of 
the metals by chemical and physical changes, including 
solidification, stabilization, and encapsulation; addi¬ 
tion of Portland cement, phosphates, waste pozzolans, 
and bituminous materials; washing and chemical treat¬ 
ment, thermal treatment, and vitrification. 

Encapsulation in asphalt for use in bituminous pav¬ 
ing mixtures and in cement serves to minimize the 
leaching of metals and salts from the product. Cement 
blocks and special forms can be made using aggregate 
processed from ash residues. 
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drum system 


magnetic separation systems 


Waste-to-Energy Ash Management in the United States. Figure 6 

Magnetic separation systems for ferrous metals [50] 
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Waste-to-Energy Ash Management in the United States. Figure 7 

Metal separation systems for nonferrous metals [50] 
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Lime and/or Portland cement can be mixed with fly 
ash to encapsulate the toxic metals and/or render them 
insoluble [38]. 

Phosphate treatment converts soluble lead com¬ 
pounds to insoluble phosphates, thus immobilizing 
the lead and reducing leaching to acceptable levels [ 14] . 

Carbonic acid absorbed from stack gases can con¬ 
vert soluble lead compounds into relatively insoluble 
lead carbonates [46, 51]. Heavy metals can be removed 
from fly ash by using carbonic acid recovered from flue 
gases, producing insoluble carbonates. 

Chemical processing systems can process the ash 
residues while treating the flue gases and minimizing 
or eliminating water discharges. Calcium hydroxide 
specifically removes hydrogen chloride (HC1) and mer¬ 
cury; sodium hydroxide removes sulfur dioxide (S0 2 ); 
and ammonia (NH 3 ) can remove nitrogen oxides 
(NO*). Hydrochloric acid is used in a primary gas 
scrubber to remove most of the cadmium and 
a major portion of the lead content of combined ash. 
Washing may especially be justified for treatment of fly 


ash, which can contain as much as 50% soluble salts in 
facilities employing acid gas controls. 

Vitrification of bottom ash, mixed ash, or fly ash can 
be employed to obtain a high-quality glassy frit from 
which the trace toxic metals such as lead and cadmium 
do not leach out [10, 11]. Thermal treatment can 
produce glassy materials, or sintered and ceramic 
material [51]. 

Washing of Bottom Ash and Fly Ash 

The bottom ash washing system shown in Fig. 8 accepts 
the bottom ash falling off the grate into a water-filled 
tank which separates out the slag and drops the residue 
into a sedimentation tank from which it goes to 
a bunker. The sediment goes to a treatment tank 
where HC1 is added to force sedimentation of the 
soluble metals. Recirculated water is supplied to carry 
off the sedimented metals through the filters which 
recover the metals. 

Figure 9 shows a system which can treat boiler ash 
and fly ash. The ash from the boiler hoppers is washed 
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Waste-to-Energy Ash Management in the United States. Figure 8 

Bottom ash washing system with treatment of the water at Hamburg [49] 
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FLY ASH HOPPERS 



Waste-to-Energy Ash Management in the United States. Figure 9 

Treatment system proposed for removing metal sludge and recovering processed fly ash at Saugus [32] 


in the boiler ash tank from which it is dragged out to an 
ash container, for beneficial use. The wash water with 
this fine ash is passed to a reaction tank where lime is 
added to control the pH. The fines in the recirculated 
water are collected by a filter; the metals are discharged 
as metal sludge and sent to a hazardous waste landfill. 
A separate treatment system is provided for the precip¬ 
itator hopper fly ash, where acid is added to precipitate 
metals. The fly ash can be collected separately, and sent 
to a mixing tank where acid is added to maintain pH. 
The fly ash then is filtered and collected for disposal or 
beneficial use. 

Landfill Disposal 

Landfilling of untreated ash is the simplest means of 
disposal. Ash residues are commonly codisposed of 
with municipal solid waste (MSW). They have been 
used to cover MSW as daily cover or as final cover. For 
various reasons it may be preferable to place ash resi¬ 
dues in separate or dedicated cells, called ashfills or 
monofills. 


Monofills or Ashfills 

Monofills, or ashfills, are used for disposal of ash resi¬ 
dues in cells separate from MSW. Placing ash residues 
in ashfills has the advantage that a solid, relatively 
impervious mass is created, over which trucks can 
drive as soon as it is placed. Ash residues have a high 
density and low permeability, which minimizes the 
need for leachate collection and treatment [29]. 

Compacting ash residues can increase the density to 
as high as 3,400 kg/m 3 , as compared with about 
1,900 kg/m 3 of uncompacted ash. Another benefit of 
compaction is the potential for reducing the perme¬ 
ability to as low as 1 x 10 -6 to 1 x 10 -9 cm/s. Ashfills 
are so impervious to water that only a small fraction of 
rain falling on the top surface is able to penetrate the 
fill; 90% or more will run off, without leaching much of 
the soluble material in the ash. It is important to 
provide effective runoff collection systems since the 
water may be significantly contaminated, especially 
when the ashfill is in the process of being filled, prior 
to capping [29]. 


w 









































11748 


Waste-to-Energy Ash Management in the United States 


W 


Codisposal with MSW in Landfills 

When ash residues are landfilled together with raw 
MSW, the acids generated by decomposing MSW 
could increase concentrations of soluble toxic metals 
in the collected leachate, requiring more stringent con¬ 
tainment, leachate treatment, and groundwater moni¬ 
toring [25] . On the other hand, the alkalinity of the ash 
has the ability to neutralize (buffer) the acids, thus 
reducing acid leaching. 

Liners and Containment 

Liners are provided in landfills and ashfills to contain 
the ash residues and to minimize or eliminate leachate 
penetration into the surroundings, as well as to provide 
means for collection of leachate and monitoring for 
indications of leakage. Only a small fraction of the 
rain falling on an ashfill can percolate through to the 
leachate collection system. The remainder is runoff that 
must be collected and properly managed [24]. 

Ash residues containing mixed bottom ash, fly ash, 
and acid gas scrubber residues have cementitious and 
compaction properties that make them relatively 
impervious to the penetration of leachate, especially if 
moisture and lime content are optimized. Completed 
cells can be covered with plastic liners, ash residues, or 
other relatively impervious materials to essentially 
eliminate the generation of leachate after the ashfill 
cell is closed [29]. 

Ash residues have been used as lining materials for 
landfills, in lieu of costly clay liners. To prepare the ash 
for use as a landfill liner, Portland cement can be added 
at the landfill at 6-10% plus lime at 6-7% by weight. If 
the fly ash component of the ash residues contains 
excess lime from the acid gas scrubber, less lime will 
be needed. 

Leachate Disposal and Treatment 

Rainfall on the landfill creates runoff and moisture, as it 
passes through the landfill, and generates leachate 
which contains various contaminants. 

The leachate may be discharged or trucked to 
wastewater disposal plants if found to be acceptable, 
or it may require treatment before such disposal. The 
leachate from fly ash and from mixed bottom ash and 
fly ash contains substantial amounts (roughly 50%) of 


Waste-to-Energy Ash Management in the United 
States. Table 6 Ranges of leachate concentrations of 
inorganic constituents from monofills [45] 


Constituent 

Concentration 
(CORRE study), 
mg/L 

EP toxicity 
maximum 
allowable 
limit, mg/L 

Primary 

drinking 

water 

standard, 

mg/L 

pH 

5.2-7.4 



Arsenic 

nd-0.400 

5.0 

0.05 

Barium 

nd-9.22 

100 

1.00 

Cadmium 

nd-0.004 

1.0 

0.01 

Chromium 

nd-0.032 

5.0 

0.05 

Copper 


1.00 


Iron 


0.30 


Lead 

nd-0.054 

5.0 

0.05 

Manganese 

0.50 



Mercury 

nd 

0.2 

0.002 

Selenium 

nd-0.340 

1.0 

0.01 

Silver 

nd 

5.0 

0.05 

Zinc 



5.00 

Chloride 



250 


soluble salts resulting from the removal of acid gases by 
the emission controls that are required. It has been 
described as being similar to salt water [36]. The salt 
content may be more likely to require attention than 
the low concentrations of soluble metals. 

Table 6 shows actual leachate concentrations mea¬ 
sured at various ashfill sites. The concentrations of the 
toxic metals were far below the EPA toxic limits. In 
most cases, the concentrations of the regulated toxic 
metals were close to the U.S. EPA drinking water limit 
[8, 45, 48]. 

Salinity of Leachate from Ash Residues 

The effect of highly salty leachate on the environment 
has been studied. The salinity of leachate is measured 
by electrical conductivity. Soils producing leachates 
that have an electrical conductivity greater than 
16 mhos/cm are classified as saline, causing interference 
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in the uptake of water by plants. Column simulations 
have shown that after 20 years of leaching, ash residues 
having an initial leachate conductivity of 21 mhos/cm 
were reduced by simulated annual acid rainfall to 
8 mhos/cm, a level having relatively little impact on 
most plants [9]. 

Neutralizing Capacity: Ash/Acid Rain Mass Balance 

The soluble toxic metals are only slowly released due 
to the presence of alkaline materials that provide 
powerful buffering against MSW-produced acids and 
the low quantity of weak acids in acid rain. It has 
been estimated that the effect of acid rain would be 
resisted for over 1,000 years. Long before this time, the 
leachable materials would presumably have been 
removed [31]. 

Early Research on Ash Management 

Wheelabrator built a waste-to-energy plant in Saugus, 
Massachusetts in 1975, with the concept of total man¬ 
agement of the ash residues (Fig. 1). Wheelabrator 
sponsored research programs at the Agriculture Center 
of the University of Massachusetts, at Amherst. [21, 32, 
34] . In testing use of the ash as a soil conditioner it was 
found that the ash could enrich the soil, producing 
faster growth. Tests were run on the leaching of metals 
from the landfill, which was exclusively combined ash. 

A comprehensive testing program was developed to 
understand the fate of lead and cadmium deposited in 
the course of flue gas passage through the boiler and the 
electrostatic precipitator, using samples taken from the 
dust hoppers of the boiler and the precipitator, and 
samples from the ash residue as it emerged from the 
plant [34]. 

The volatile metals, lead and especially cadmium, 
were found to collect on the boiler and precipitator 
surfaces. The suspended boiler tubes were shaken to 
clean the boiler sections once during each 8-h watch, 
dropping the metals-containing fly ash into the hop¬ 
pers. Samples collected hourly revealed a “spike” in the 
metals content of the fly ash due to tube cleaning, 
which was reflected in the combined ash residues 
discharged from the plant. To obtain a true average of 
the lead content of the residues, a sufficient number 
of samples must be taken at regular intervals and these 
samples must be thoroughly mixed. 


The leaching behavior of the ash residues was 
studied. It was discovered that the addition of phos¬ 
phates to the residues would convert the lead to 
phosphates that are insoluble, inhibiting the leaching 
of lead and resulting in passing the Threshold Charac¬ 
teristic Leaching Procedure (TCLP) required by the 
U.S. EPA [19]. 

Extensive testing of leaching from landfills 
proceeded elsewhere: testing MSW landfills, monofills 
of ash only and codisposal landfills. California regula¬ 
tors concluded that the leaching procedure for ash 
residues should be performed with deionized water, 
simulating normal rainwater, not the strongly acidified 
solution of the “Threshold Characteristic Leaching 
Procedure” (TCLP) of EPA. 

Leachates from ash residues at waste combustion 
plants throughout the country were tested, including 
testing of leachate from dedicated ashfills as distin¬ 
guished from mixed landfills. Tests in Oregon found 
that the leachate from ash monofills was actually close 
to neutral, that is, pH = 7.0. Leaching of lead and 
cadmium is minimized at this pH level. 

Since fly ash contains high concentrations of the 
volatile metals, the practice in Europe has been to keep 
Threshold it separate from bottom ash and dispose of it 
as a hazardous waste. Then the bottom ash can be used 
beneficially. In the USA, however, it has been consid¬ 
ered to be more practical to mix the fly ash, and any 
scrubber residues, with the bottom ash, monitor its 
leaching properties, and apply additives as needed to 
pass the EPA leaching test. 

Actual Leaching of WTE Ash 

Several points are clear from a review of the data of field 
studies that characterized the leachates from ash 
monofills, TCLP testing of ash from several waste-to- 
energy facilities, and leaching of beneficially used prod¬ 
ucts containing ash. 

• Laboratory leach tests routinely overestimate the 
potential for constituents of concern to leach from 
an ash and ash product when compared to actual 
leaching from ash monofills and ash use in field 
applications. 

• The combined ash of modern WTE facilities rou¬ 
tinely passes the requirements of the TCLP test 
of EPA. 
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• Metal concentrations in leachates from ash 
mono fills evaluated over time have routinely met 
ground water standards and often meet drinking 
water standards. 

• Although leachates from combined ashes in 
monofills have low concentrations of heavy metals, 
the total dissolved salts concentration may be sev¬ 
eral orders of magnitude above drinking water 
standards. 

• Levels of dioxins/furans in ash and ash leachates 
have been extremely low and considered not to be 
a concern when evaluating the environmental and 
health consequences of using ash. 

Regulatory Aspects of Ash Management 

The management, disposal, and beneficial use of ash 
residues and their products is subject to federal and 
state regulations which require sampling and analysis 
of the leaching characteristics of residues from com¬ 
bustion of municipal and other types of wastes. 

Federal Regulations 

Federal regulations broadly classify wastes into 
hazardous and nonhazardous categories. The Resource 
Conservation and Recovery Act of 1976 (RCRA) 
empowered the U.S. EPA to regulate residues from 
solid waste incinerators. In 1992, the U.S. EPA Admin¬ 
istrator sent a memorandum to EPA Regional Admin¬ 
istrators stating that the Resource Conservation and 
Recovery Act completely excludes ash from municipal 
waste combustors from regulation as a hazardous waste 
under Subtitle C as long as it is not characterized as 
toxic, since ash can be managed safely in solid waste 
landfills under Subtitle D, Section 3001 (i) of RCRA. 
Prior to this statement, states developed various regu¬ 
lations, many requiring that MWC ash be disposed of 
in monofills, for ash only (ashfills), employing single 
liners, as compared with the double liners required for 
MSW landfills. Leachate collection and treatment are 
required in both cases. Landfills for hazardous wastes 
require much more stringent design and operation due 
to the greater potential hazards and uncertainty of their 
leachates. 

The U.S. EPA has developed test procedures designed 
to screen wastes to determine their classification. Various 
states have developed different regulations as to whether 


or not ash must be sampled and analyzed prior to 
disposal. In any case, it is generally the responsibility of 
the producer of the ash to determine whether it exhibits 
the characteristic of toxicity in accordance with U.S. EPA 
procedures [18]. 

Ash Residue Extraction Leaching Procedures 

The following leaching procedures have been applied 
to determine the characteristics of ash residues under 
a wide range of conditions to which they might be 
exposed, and also to discover which procedures might 
more closely simulate actual conditions of disposal or 
beneficial use: 

• Extraction Procedure Toxicity (EP Tox) Test 

• Acid No. 1. Acetic acid extraction fluid at pH of 4.87 
to 5.2 

• Threshold Characteristic Leaching Procedure (TCLP) 

• Column Tests using simulated acid rain 

• TCLP Fluid No. I (Acid No. 2). Similar to EP Tox 

• TCLP Fluid No.2 (Acid No. 3). Similar to EP Tox 

• California Waste Extraction Tests (WET), Uses 
citric acid 

• Deionized Water (Method SW-924), also known as 
the Monofill Waste Extraction Procedure (MWEP) 

• C0 2 saturated deionized water 

• Simulated acid rain (SAR) 

• ASTM Shake Extraction Procedure using distilled 
water leaching 

The original Extraction Procedure (EP) toxicity test 
was replaced by the Threshold Characteristic Leaching 
Procedure (TCLP). These procedures use an acid 
leaching medium intended to simulate leaching of ash 
codisposed in a landfill in a proportion of 15% ash and 
85% MSW. In the TCLP test, a unit sample of ash 
residue is immersed in 20 units of a specified acetic 
acid solution. The acidity of the solution is maintained 
at a pH value between 4.87 and 5.2 and stirred contin¬ 
uously for a 24-h period. The extract (leachate) is 
analyzed, and results are compared with the EPA- 
established limits. The sample would be characterized 
as hazardous if any of these limits were exceeded 
[18, 26]. These limits assume that a 100-time dilution 
would occur before the leachates could reach drinking 
water standards, hence they are established at 100 times 
the drinking water standard. 
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Actual leachate from MSW landfills as well as 
codisposal and ash residue landfills (ashfills) does not 
generally have pH values as low as 5.0. Extensive testing 
of leachate from these various types of landfills shows 
that they did not contain significant amounts of the 
toxic metals lead and cadmium, contrary to the results 
of laboratory tests employing the TCLP method. In 
other words, the TCLP test does not simulate actual 
disposal conditions [45]. 

A comparison of the effects of various laboratory 
leaching procedures on the cadmium and lead concen¬ 
trations is shown in Table 7 [26]. Actual leachate con¬ 
centrations from tests sponsored by CORRE/EPA are 
compared with the EPA toxic limits. The carbonic acid 
test was in closest agreement, while the EP toxicity 
procedure overestimated leaching by two orders of 
magnitude [45]. 

In general, leaching column tests more closely sim¬ 
ulate actual leachates from landfills, as do tests using 
simulated acid rain or carbon-dioxide-saturated water 
and/or deionized water. More aggressive leaching tests 
such as the California WET test and EP or TCLP test, 
which represent conditions not likely to occur in the 
environment, serve as the basis for classifying the 


wastes as being potentially able to produce toxic levels 
of metals in the leachate. 

Leaching column tests show that the soluble metals 
and salts are gradually removed from the ash as the 
leachate absorbs and removes them. The larger the 
quantity of acid in the water, the faster is the rate of 
removal. In some cases, two to four quantitative washes 
will have removed essentially all of the lead and cad¬ 
mium that was soluble at the final pH level. Test bor¬ 
ings of one ash pile showed that after several years 
of natural acid rainfall the leachable metals remaining 
in the ash pile had been reduced to the non- 
detectable level. 

State Regulations 

State regulations must be at least as stringent as federal 
regulations, but may be more detailed and suited to 
specific state environments. They require the collection 
and analysis of ash residue samples on a periodic basis, 
and require that these samples, on average, pass the 
prescribed toxicity tests. 

Testing of ash residues is required to obtain confi¬ 
dence that there will be no harmful effects on the 


Waste-to-Energy Ash Management in the United States. Table 7 Metal concentrations in extracts of MSW ash residues, 
in mg/L (parts per million) [16, 45] 


Facility 

Chicago 

Sumner 

Hampton 

Auburn 

Cadmium 

WET test 

1.6 

0.81 

1.52 

0.18 

EP toxicity 

0.71 

0.24 

0.50 

0.02 

Acetate 

0.19 

0.52 

0.33 

0.03 

Carbonic acid 

0.016 

0.012 

0.07 

0.005 

Water 

<0.0005 

<0.005 

<0.005 

<0.005 

Lead 

WET test 

29.0 

35.0 

46.0 

29.0 

EP toxicity 

5.8 

6.4 

10.3 

3.15 

Acetate 

0.5 

0.28 

1.62 

4.20 

Carbonic acid 

0.025 

0.004 

0.095 

0.012 

Water 

<0.002 

<0.002 

<0.002 

<0.002 
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Source : Francis and Maskarinec [26] 
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environment after the residues are disposed of or used 
beneficially. 

Samples of ash residues must represent the stream of 
ash residues from which they are taken. Mixing the fly 
ash properly with bottom ash avoids unrepresentative 
“hot spots.” Aging samples with normal moisture 
allows the chemical reactions to take place that would 
occur under the conditions of disposal, such as 
converting soluble lead chlorides to insoluble lead 
carbonates. 

Frequency of testing is generally regulated, including 
extensive testing after start-up of the plant, followed by 
one or more tests per year in order to assure consistent 
operation [22]. If some of the analytical results are 
found to be critically close to acceptable limits, more 
samples may be taken to obtain confidence in the 
average values. 

Regularly time-spaced samples will represent the 
true average characteristic of the ash residues for the 
period of time over which they are produced, 
landfilled, or otherwise used. 

Daily average samples are collected at uniform 
time intervals over the entire day. Daily samples are 
well mixed and coned and quartered to reduce the 
sample size and provide several identical samples. 
Weekly samples should include the entire week; 
monthly samples each week, and annual averages 
all months. As analyses are accumulated over long 
periods, confidence is established as to the true 
mean, and fewer analyses are required to assure rep¬ 
resentation of the residue stream. 

Analysis of fly ash samples may show that untreated 
fly ash contains enough soluble lead and cadmium to 
exceed the toxic limit according to the EP or TCLP test. 

Treatment of Ash Residues 

If the ash residues should fail the TCLP test, they would 
have to be sent to a special and more costly landfill. To 
avoid these costs, and to assure that all products will 
pass the test, various chemical treatments have been 
used. 

Processes have been developed to recover useful by¬ 
products from waste incinerators, and render the 
remaining residue nonhazardous, thereby eliminating 
the long-term environmental liability associated with 
disposing of these materials. 


The fundamental mechanisms of phosphate 
stabilization of divalent metals in MSW combus¬ 
tion scrubber residues have been studied inten¬ 
sively [16]. 

The most prominent of these is the WES-PHix™ 
process, in which the ash residue is sprayed with 
a phosphate solution while being tumbled in a drum. 
It has been demonstrated that this treatment reduces 
the solubility of lead which otherwise increases at the 
highly alkaline conditions such as 11 or 12 pH which 
result when excess lime is used for acid gas control. 
With this treatment, the ash residues may be disposed 
of in dedicated ashfills, and used for beneficial purposes 
[42]. Other treatments include control or addition of 
alkaline agents including Portland cement. 

Residues from Air Pollution Control Systems 

There are two predominant types of air pollution con¬ 
trol (APC) systems: (1) wet scrubbers and (2) dry or 
semidry lime or other alkaline reagent injection sys¬ 
tems. Wet scrubbers generally use sodium-based 
agents, such as Na(OH) 2 , producing the highly soluble 
NaCl salt. In dry/semidry lime-injection APC systems, 
the calcium hydroxide (Ca[OH] 2 ) reacts with the acid 
gases to form significant concentrations of calcium 
chloride (CaCl 2 ) and calcium sulfate (CaS0 4 ) that 
comprise the bulk of the APC residue waste stream. 
The resulting CaCl 2 and the excess lime present in the 
APC residues are quickly solubilized upon contact with 
water. Furthermore, since the stoichiometric ratio of 
lime addition is greater than 1, the APC residues are 
highly alkaline, and the potential to solubilize ampho¬ 
teric metal compounds (such as some Pb compounds) 
is greatly increased. Consequently, leachates from these 
residues may contain high concentrations of salts and 
trace metals, such as Al, Cr, Pb, and Zn. 

Environmental Impact of Use of WTE Ash 

Risk Assessments 

Risk assessments to estimate environmental impact 
have been carried out for various uses of ash residues: 
combined ash as landfill daily cover; combined ash as 
final cover (bottom layer); use of treated ash aggregate 
(TAA) as a roadway base, as a structural fill, as daily and 
final landfill covers, as an aggregate substitute in 
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asphalt concrete paving, and reuse and final disposal of 
paving material containing TAA. 

Boiler Aggregate™ from SEMASS, Massachusetts, 
has been demonstrated for use in producing an asphalt 
product, as an unregulated fill, and for milling and 
excavation for reuse. Stockpiling, handling, and 
transporting operations have also been evaluated, as 
well as in combined ash as a 30% substitution in bitu¬ 
minous pavement [17]. 

These assessments have covered specific situations, 
and generally evaluated the noncarcinogenic and car¬ 
cinogenic effects on receptors from exposure to As, Ba, 
Cd. Direct and indirect exposure pathways evaluated 
included inhalation of fugitive dust on-and off-site, 
incidental ingestion and dermal contact with ash and 
ash products, residential exposure to soils potentially 
contaminated with particulates and/or leachates from 
ash and ash products, and similar pathways. In the case 
of landfill final cover, exposure pathways also included 
incidental ingestion and dermal contact with surface 
water and sediment while swimming in a nearby har¬ 
bor, and consumption of fish from the harbor. Expo¬ 
sure from ingestion of food grown in soil potentially 
contaminated with TAA was evaluated. Also included 
was ingestion of drinking water containing leachate 
from Boiler Aggregate stockpiles, a road base, and 
recycled asphalt product pile. 


In tests performed in the USA, on a 600-m section 
of U.S. Route 3 in Laconia, New Hampshire, with 
MWC bottom ash as 50% of the required aggregate in 
the binder course pavement, roadway runoff, surface 
water, and groundwater were monitored. Monolith 
leaching tests have indicated that release rates of chem¬ 
ical constituents are low and occur at levels similar to 
those for natural aggregates [16, 43, 44]. 

Use of Ash Residues for Construction 

Ash residues from combustion of MSW have been used 
as roadway fill and subbase for parking lots, stabilized 
road base, bituminous paving mixtures, concrete 
masonry block, and Portland cement concrete. Con¬ 
cern about leaching of metals into the environment has 
led to extensive research into the characteristics and 
environmental impact of these practices. Table 8 
describes the physical and chemical tests that may be 
used to evaluate the waste material for reuse [23]. 

Use of Ash Residues in Asphaltic Mixtures 

Asphalt has been found to encapsulate ash residues 
effectively, reducing leaching potential to acceptable 
levels, so that the asphalt can be safely used for road 
construction [41]. The use of ash residue as an aggre¬ 
gate in bituminous-base course construction has been 


Waste-to-Energy Ash Management in the United States. Table 8 Tests recommended for use of granular and asphaltic 
materials 


Chemical tests 

Physical tests 

Elemental composition mineralogy 

Moisture content (ASTM d2216) 

Acid neutralizing capacity 

Percent rejected (>% in) 

Distilled water leach test 

Organic content (loss on ignition) 

Bioavailability leach test 

Ferrous content 

Threshold characteristic leaching 

Particle size distribution (ASTM Cl 36) 

procedure (TCLP) 

Absorption and specific gravity (ASTM Cl 27 and Cl 28). Unit weight and voids 

Lysimeter leach test 

(ASTM C29) 

Moisture density test (ASTM D1557) 

CBR (ASTM D 1863) 

Sodium sulfate soundness of aggregates (ASTM C-88). Los Angeles abrasion 
test (ASTM Cl 31) 

Unconfined compressive strength (ASTM D2166). Marshall stability of asphaltic 
material (ASTM D1559) 


w 


Source : Lucido [41] 
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studied since the 1970s. Test sections have been contin¬ 
uously evaluated over periods from 1 to 5 years. The 
surface pavement and binder courses using combined 
bottom ash and fly ash from the Saugus facility in Lynn, 
Massachusetts, constructed in 1975, used 50% ash, 2% 
lime, 50% natural aggregate, and 13.5% asphalt, and 
were assessed in 1991 to be still performing well [15]. 
A section built in Washington, D.C., contained 68.5% 
residue, 1.5% hydrated lime, 15% sand, 15% limestone, 
and 9% asphalt. Surface asphalt road sections at the 
SEMASS facility in Rochester, Massachusetts, and in 
New Jersey, and ash use in road base and subbase 
structures at SEMASS and in New Hampshire were 
evaluated for soil contamination, runoff, and leachate 
[5, 52]. 

Portland Cement Treatment 

A patented Portland cement-based ash aggregate, 
McKayanite, using combined ash or bottom ash, has 
been tested in Florida as landfill cover and as aggregate 
in road projects, and was found to meet physical stan¬ 
dards for road construction materials, showing no 
adverse effects on groundwater, soil, or ambient air 
quality. The State of Tennessee Highway Department 
developed a standard for acceptable use of ash residues 
as aggregate in road base construction. Progress toward 
acceptance of ash residues for beneficial use was 
expected in other states [52]. 

At the Commerce WTE facility in Los Angeles, 
California, fly ash from the spray-dry scrubber/ 
baghouse was mixed with Portland cement, and then 
blended with bottom ash in a cement mixer truck. The 
treated ash-concrete was poured into roll-off con¬ 
tainers and stored for 24 h before transport to the 
landfill, where it was crushed for use as a subbase for 
roads at the landfill [13]. 

Building Blocks and Other Uses 

Use of ash residue to produce aggregate material for use 
in concrete encapsulates the heavy metals and converts 
them to chemical forms that are essentially insoluble. 
Leaching tests of concrete blocks made from bottom 
ash only and mixed bottom ash/fly ash have shown that 
the rate of leaching of metals is insignificant in both 
underwater marine environments and in aboveground 
applications [52]. 


Cement blocks made from MSW combustion in 
Montgomery County, Ohio, have been used to con¬ 
struct buildings on the county landfill, after testing 
according to structural testing protocols, including 
ASTM tests for strength, Underwriter Laboratories 
(UL) tests for fire resistance, and TCLP tests. The 
blocks exhibited somewhat higher-than-normal 
shrinkage indices. The blocks made from coarser bot¬ 
tom ash released more easily from the molds than did 
blocks containing fly ash as a component [52]. 

Processing Ash for 100% Recovery and Use 

A processing plant was built to use ash residues from 
the Nashville Thermal WTE facility, to achieve 100% 
recovery of products, that is, zero discharge to the 
landfill. The process involves sorting of the ash as it is 
received; bulk reduction; ferrous separation in three 
stages: ferrous processing; aggregate wet treatment; air 
classification to remove unburned product; and non- 
ferrous separation, processing, and sorting. The 
unburned material was returned to the WTE plant. 
The product was treated by the WES-PHix process, 
expecting to sell it for uses in construction. The prod¬ 
uct was finally conditioned by storage in piles. In spite 
of successful operation for a long period of time, the 
facility was ultimately closed due to concern about 
groundwater contamination from the storage piles 
which resulted from failure to sell the product. The 
WTE facility (one of the earliest in the USA) was shut 
down to allow more profitable use of the downtown 
site [2]. 

Vitrification 

Vitrification of residues from thermal processes pro¬ 
duces a dense, grainless, amorphic, glass-like material 
which contains no organic material and from which 
inorganic mineral matter does not leach significantly, 
and which has many beneficial uses. The American 
Society of Mechanical Engineers (ASME) and the U.S. 
Bureau of Mines [10, 11] carried out an extensive 
investigation of vitrification. Tests were performed on 
combined furnace bottom ash and fly ash from three 
mass-burn WTE plants, fly ash from an RDF-fired 
WTE plant with acid gas scrubber, and combined ash 
from a multiple-hearth wastewater treatment sludge 
incinerator. The tests were performed in a sealed 
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submerged-arc electric furnace having a capacity of 
1 t/h. Fumes from the furnace were cooled and the 
deposits analyzed. A fabric filter was used to collect 
particulate for analysis, and an afterburner was pro¬ 
vided to burn off any possible organic matter. The stack 
gases were analyzed for trace organics and metals. 

Approximately 83% of the feed weight was 
converted to vitrified product, and 5% metal was with¬ 
drawn, consisting mostly of about 75% Fe, and 8% 
copper, 6% phosphorous, and 7% silica. The matter, 
which collects on the top of the charge, contained 
about 48% copper, 15% iron, and about 27% sulfur. 
The principal components of the fume solids were 
NaCl, ZnS, and KCI. They contained 70% of the zinc 
and 37% of the lead in the furnace feed, and from 7% to 
26% silica, varying with the carryover, which depended 
on the nature of the ash residues. Most of the chlorine 
in the feed material left the system in gaseous form, 
since essentially none was found in the solid products. 


The vitrified product was tested in accordance with 
TCLP procedures that showed that the vitrified residues 
were environmentally benign. The levels of leaching 
from the samples were in all cases 10-50 times less 
than the EPA maximum limit. 

The cost of vitrification was estimated to range from 
$200/t of dry ash residue for a 50 t/day facility to $115/t 
for a 300 t/day facility, based on electric power costing 
$0.051/kW-h. The components of the cost of vitrifica¬ 
tion can be roughly estimated to be 5% for drying, 45% 
for electric power, water, and gas, 30% for labor and 
maintenance, and about 20% for the cost of capital. 

Ash Management Around the World 

Worldwide, ash residues represent approximately 20% 
of the combusted MSW. Therefore, beneficial uses of 
ash can offer a substantial saving in landfill space and 
cost [6, 29] . Ash is a resource to be recycled, rather than 
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Bottom ash management in selected countries in Europe [49] (KIT - University of the State of Baden-Wuerttemberg and 
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year 

production 

(Mg/a) 

utilisation 

(%) 

specifics 

Austria 

2008 

358,000 

10 

‘slag concrete for landfill’ 

Belgium 

2008 

490,000 

100 

secondary building material 

Czech Republic 

2008 

100,000 

0 

landfilling 

Denmark 

2008 

631,000 

99 

80% road construction 

Finland 

2008 

45,000 

0 

landfilled 

France 

2008 

2,700,000 

80 

civil engineering 

Germany 

2009 

4,740,000 

85 

mainly road construction 

Hungary 

2008 

105,000 

0 

landfilling 

Italy 

2008 

827,310 

50 

landfilling 

Netherlands 

2009 

1,500,000 

100 

building material 

Norway 

2008 

200,000 

0 

landfilling 

Portugal 

2008 

193,000 

0 

landfilling 

Spain 

2005 

293,693 

5 

road construction 

Sweden 

2008 

690,000 

10 

rewcases of road construction 

Switzerland 

2008 

700,000 

0 

landfilling 

United Kingdom 

2008 

650,000 

40 

building material 


Waste-to-Energy Ash Management in the United States. Figure 11 

Bottom ash applications in Europe [49] 


a waste to be disposed of into a landfill, provided that 
utilization is protective of the environment. Many 
countries have established criteria and procedures for 
determining acceptable use and disposal options, and 
continue to support research and development efforts 
for improved treatment and use technologies [52]. 

MWC ash is widely used in Europe in road con¬ 
struction as compacted road base; structural fill in wind 
barriers, sound barriers, and highway ramps; and in 
asphalt applications [4, 39]. For instance, approxi¬ 
mately one-half of the MWC bottom ash generated in 
Germany is used in road construction. Figure 10 shows 
the bottom ash utilized in selected countries in Europe 
versus landfill. Figure 11 shows the quantities and per¬ 
centages utilized and the specific applications. 

Ash management practices in Bermuda, Japan, The 
Netherlands, Denmark, Germany, France, Sweden, and 
the UK were reviewed by the U.S. Department of 
Energy [26]. In Denmark, laws and regulations define 
how ash residues may be used, and in what quantities, 
so that environmental impact will be insignificant [37] . 
In general, in order to produce an environmentally 


benign bottom ash material by minimizing the quan¬ 
tity of soluble salts, fly ash is not mixed with bottom 
ash. The Netherlands, with many years of experience 
with MWC fly ash, has confirmed its suitability as 
a substitute for natural aggregate in asphalt road con¬ 
struction. No differences have been found in the 
leaching of metals between asphalt sections containing 
MWC fly ash compared to natural aggregates [52]. 

Future Directions 

The many years of research and demonstration have 
produced a wealth of information which can be used to 
further sustainability and conservation of materials. 
The growing number of WTE facilities throughout 
North America, Europe, Asia, and the world will con¬ 
tinue to manage ash residues in accordance with local, 
state, and federal regulations. The economic and social 
incentives to make use of these materials and derived 
products will continue to encourage processing and the 
marketing essential to favor beneficial use as distin¬ 
guished from landfilling. Recovery of ferrous metals is 
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the most rewarding, but next of importance are the 
nonferrous metals. Ultimately, ash residues should be 
used for beneficial use in construction as a minimum, 
but more and more in fabricated products. 
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CBA Cost benefit analysis. 

CHP Combined heat and power: production of elec¬ 
tricity combined with delivery of heat, e.g., for 
district heating. 

EfW Energy from waste, synonym of WtE. 

LCA Life cycle analysis. 

MSW Municipal solid waste: residential, commercial, 
and other urban waste. It is the residual part, which 
is the non-source separated stream. 

R1/D10 EU legislative distinction between Reuse and 
Disposal of waste. 

RDF Refuse derived fuel: pretreated waste, mainly by 
shredding and recovery of some recyclable mate¬ 
rials and removal of inert and wet fractions. It 
consists mainly of packaging paper and plastics. 
WTE Waste to energy: Thermal treatment of wastes 
with energy recovery. 

Definition of the Subject 

This entry describes the history of WTE and techno¬ 
logical developments with regard to increasing the 
energy efficiency of this process, and ways to assess 
energy efficiency. 

In the history, four distinct stages are described 
involving improvements on the combustion system, 
flue gas cleaning, and energy efficiency. 

An overview of options to improve energy effi¬ 
ciency is given, with the technical limitations to raise 
steam parameters, resulting efficiencies, and ways to 
evaluate the energy performance of WTE installations. 

Introduction 

Over the last century, Waste to Energy was developed in 
a few distinct stages. Originally, the objective was to 
manage urban wastes in order to avoid the spread of 
diseases. In the second stage, reduction of smoke issu¬ 
ing from the stack became the point of attention. Later, 
discovery of the effects of invisible pollutants, such as 
volatile metals and dioxins, in the stack gases led to 
important advancements of the air pollution control 
systems of WTE plants. Currently, sustainability and 
energy and materials conservation have shifted the 
focus of WTE research and development on obtaining 
higher energy efficiency and recovery of metals. This 


entry describes briefly the history of WTE and presents 
technological developments with regard to increasing 
energy efficiency. 

Waste to Energy History 

Pre-Nineteenth Century 

Managing of waste became an urban issue when cities 
reached a certain size. Nuisance factors, both visual 
and unpleasant odor effects, led to the adoption of 
some rules for dealing with waste. In the nineteenth 
century, landfills were created to deal with the 
mounting amount of waste and collection was orga¬ 
nized either by public or by private companies. The 
cholera epidemic that started in 1892 in Hamburg, 
swept over Europe, and even reached America, was 
a general political trigger for public responsibility for 
sanitation. 

1900-1960: Hygiene 

As a response to this political pressure, waste collection, 
sewer systems, and drinking water distribution were 
quickly developed in many European cities. Landfills 
were moved out of the cities and waste incinerators 
were built in many places. The focus of these incinera¬ 
tions was to dispose of the waste hygienically and 
reduce the amount of materials that had to be 
transported to landfills. In order to increase landfill 
space, in many cases the landfilled waste was often 
burned in the open. When the waste was burned in 
dedicated incineration facilities, the focus was on 
hygiene, and there were good examples of integrated 
systems of waste collection, transportation, and trans¬ 
fer into the bunker of the incineration plant. These 
systems were designed to minimize manual contact 
with the waste and keep it in closed containers to 
avoid rats, mice, birds, and flies. 

However, in this focus on sanitation, there was not 
much attention paid to atmospheric pollution. A stack 
plume of black smoke was common and was consid¬ 
ered to be a sign of economic activity and prosperity 
rather than a problem. Also, the bottom ash, and fly ash 
collected in a simple cyclone, of incinerators was 
landfilled or spread on roads to harden the surface. 
The incinerators were generally run as batch 
operations. 
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With regard to energy, most of these installations did 
not provide for energy recovery but some were heating 
water for district heating. The very simple combustion 
systems were inadequately controlled, resulting in large 
amounts of air used, incomplete combustion causing 
massive amounts of black smoke and carbon monoxide, 
and very wide temperature fluctuations. This also led to 
corrosion problems so that only very simple and small 
heat exchangers were used to extract some of the com¬ 
bustion heat. As a result, the heat recovery was very small 
and most of the combustion heat was lost in the flue 
gasses leaving the stack. 

Some incinerators in the first part of the twentieth 
century were equipped with a boiler for steam produc¬ 
tion that was used for either industrial use or electricity 
production. Electrical efficiency was very low, at about 
5% in the best cases. 

1960-1990: Dust Removal 

Over time, the black deposits of the smoke and fly ash 
of waste incinerators became noticeable and gradually 
unacceptable. Therefore, standards emerged limiting 
smoke and dust for the next generation of incinerators. 
Technology improved in boiler designs, control of the 
fire, and fly ash separation by means of electrostatic 
precipitators that resulted in stacks without black 
smoke. This also enabled the recovery of more heat 
from the combustion gases and continuous operation 
of the incinerator and boiler for a period of a month or 
more. During this period, some cities were provided 
with a district heating network using hot water. This 
was done with a simple and inexpensive hot water 
boiler but did not take advantage of the potential 
work that can be done with the energy of cogenerating 
electricity and heat. For Combined Heat and Power 
(CHP), a steam boiler is needed plus a turbine for 
electricity production. In this period, CHP installations 
were mainly small backpressure turbines that were used 
to produce the heat and electricity. 

Steam pressure from the boiler was initially in the 
range of 10-20 bar, but as designs improved, it was 
gradually raised for newer installations, reaching 
a common acceptance of about 40 bar as state of the 
art at the end of the 1980s. This 40-bar boiler pressure, 
and 400°C superheater temperature, resulted in an 
acceptable compromise between excessive corrosion 


of the boiler wall and superheater tubes and thermal 
efficiency achieved. 

Also, energy loss in the flue gases was lowered by 
decreasing the boiler outlet temperature to 250-300°C. 
The resulting energy efficiencies were gradually 
improved to about 80% for hot water boilers and 
from 10% to 18% for electricity producing plants 

In this period, some plants in Germany were built 
with higher steam parameters (e.g., Mannheim: 
120 bar/525°C; Diisseldorf: 90 bar/495°C: Frankfurt 
60 bar/500°C; Stuttgart 74 bar/525°C). However, 
these were based on coal-fired boiler concepts. In the 
case of burning Municipal Solid Waste, the high chlo- 
rine-to-sulfur ratio results in high corrosion rates and, 
also, the fly ash tends to be very stick at the higher 
temperatures of flue gas and boiler wall. The resulting 
large downtime periods for repairs and plant availabil¬ 
ities in the range of 70-80% lead to adaptations in the 
design of boilers that use municipal solid waste (MSW) 
as their fuel. But changing the steam parameters of 
a WTE plant is generally not possible without major 
rebuilding of boiler parts and turbine. Therefore, 
existing plants could not be retrofitted economically 
and had to continue operating at low plant availability. 

The general consensus developed that 40 bar/400°C 
was the optimal compromise for the steam parameters, 
balancing corrosion and associated shutdowns and 
maintenance with the returns for the electricity pro¬ 
duced. The overall efficiency with these parameters was 
commonly up to about 14-18%, but most operators 
paid little attention to improving electrical efficiency as 
the revenues from power production and sale were 
generally less than a quarter of total revenues. 

1990-2005: Chemical Cleaning 

At the end of the 1970s, it was discovered that although 
there was no visible smoke, dioxins and some volatile 
metals were present in alarming quantities in the flue 
gas of WTE plants. This raised great concerns and, 
within a period of about 10 years, political measures 
were taken to drastically limit the allowable quantities 
of emissions of dioxins and other critical pollutants 
such as mercury, other heavy metals, chlorine, sulfur 
dioxide, carbon monoxide, and particulate matter. The 
concerns were such that the new limits for dioxins were 
set at the detection limit, i.e., at about a factor 1,000 
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lower than average dioxin emissions of the time. In 
some EU countries standards emerged which were 
EU-wide implemented following the year 1991. These 
have by now been taken over by nearly all other coun¬ 
tries with WtE installations. 

The new standards have led to closure of many of 
the 1980s WTE plants and the addition of state-of-the- 
art air pollution control systems in all operating plants. 
As a result, in a period of ten to fifteen years, the WTE 
industry, worldwide, has been transformed from 
a major emitter of pollutants to being one of the 
cleanest power generators, having stricter limits than 
almost any other industry. For example, for dioxins, the 
emissions have been reduced by a factor 1,000 till 
a maximum limit of 0.1 ng/normalized cubic meter. 
As a result, by 2005 the issue of emissions from WTE 
was resolved. Although there remain some local 
debates at different countries, these are more 
a remnant of the past image rather than because of 
actual impacts of WTE plants. 

With the focus on cleaning the WTE stack gases, 
there has been little attention to improvements with 
regard to energy efficiency. In many cases, there was an 
actual lowering of energy production, because of the 
increased use of energy within the plant for gas cleaning. 

Some of the existing WTE plants have experimented 
with adding energy-saving improvements, such as addi¬ 
tional heat exchangers in the flue gas (e.g., a second 
economizer or a condensing heat exchanger) so as to 
improve the recovery of heat for district heating or to 
replace internal heat consumption and to increase the 
plant s electrical efficiency. 

Plants that were designed and built in this period 
generally followed the consensus of the 40 bar/400°C 
steam parameters. However, on the average, energy effi¬ 
ciency increased somewhat during this period, by reduc¬ 
ing boiler outlet temperature (from about 250°C to 
180°C), reducing the use of excess air from 1.8 to 
1.6 (lowering oxygen content in the stack gas from 12% 
to about 8%), and simplifying the gas cleaning designs. 
Few plants that deliver only heat were built, as CHP was 
commonly employed to produce electricity and heat. 
When the plant is small compared to the heat demand, 
backpressure turbines were used. For bigger WTE plants, 
a vacuum turbine with a steam bleed was used. This 
allows maximum electricity production while the heat 
extraction can be controlled according to demand. 


Some exceptional WTE plants were built in this 
period with high thermal efficiencies, such as: 

• Falls (Bucks county, PA, USA, 1994): 90 bar/500°C 
and a boiler outlet temperature of about 180°C 
resulted in about 28% net electrical efficiency. 

• Moerdijk (The Netherlands, 1996): 100 bar/400°C 
is directly coupled with a Combined Cycle Gas-fired 
power plant that further superheats the steam and 
includes it in its cycle. The total efficiency is in the 
order of 45%, but as natural gas can normally yield 
58% efficiency, the net efficiency corresponding to 
the chemical energy from the waste is about 30%. 

• Brescia (Italy, 1998): 61 bar/450°C two lines (plus 
a third line in 2004 operating at: 73 bar/480°C) and 
a boiler outlet temperature of 135°C results in 
about 25.8% net electrical efficiency plus 58% of 
heat for district heating. 

• The Bilbao (Spain), 265,000 t/year WTE plant 
combusting presorted waste was started in 2004. 
The WTE steam parameters are 100 bar/330°C, 
but this steam is then superheated to 540° C in 
a Combined Cycle Gas Turbine and reheated half¬ 
way the turbine. The efficiency is similar to the 
Moerdijk WTE mentioned above. 

Alternative thermal treatment technologies for 
treating solid wastes (e.g., fluidized bed, pyrolysis, and 
gasification) have not proven in practice to have as high 
energy efficiencies as the classical WTE installations that 
use the common grate technology. This is mainly due to 
the difficult physical and chemical properties of Munic¬ 
ipal Solid Waste (MSW) or Refuse Derived Fuel (RDF) 
and associated operational problems, as compared to 
coal or biomass (e.g., wood chips). 

2005 to Present: Sustainability 

Since the mid-1990s, nickel-chromium alloys have been 
used to repair and protect corrosion-affected parts in 
WTE boilers. Especially, the alloy Inconel 625 has proven 
to be extremely successful in surviving the corrosive 
conditions encountered in MSW boilers. The gain in 
plant availability has paid for the high additional invest¬ 
ment costs and by the year 2000, nearly all WTE plants 
were testing or using this alloy. Its high cost however 
prohibited its use by contractors for new installations. 
However, by 2005, this alloy was proven to be so effective 
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that in some new construction projects its use was pre¬ 
scribed for cladding the 1 st-pass of the boiler already at 
construction of the plant. Steam parameters were still 
mostly around the conventional 40 bar/400°C. 

At the same time, sustainability and the greenhouse 
gas effect came very much in focus, partly due to A1 
Gore’s film, the “Inconvenient Truth.” In two legal pro¬ 
ceedings in the EU about cross-border transport of 
waste, it was ruled that the efficiency of the installation 
receiving the waste was the key criterion for deciding 
whether this should be allowed. This resulted in an 
efficiency formula in the EU “Best Available Technol¬ 
ogy” descriptions. In the new EU Waste Framework 
Directive, this resulted to the legal distinction between 
reuse/recovery (Rl) and disposal (DIO) status. This 
also meant that energy efficiency determines whether 
waste can be traded cross border and whether it may be 
used in the statistics for recovery. 

The combination of more attention for energy effi¬ 
ciency and the availability of Inconel 625 as a good 
performing corrosion resistant material led to the use 
of higher steam parameters in new plant. Some exam¬ 
ples are: 

• In Amsterdam (The Netherlands), alongside the 
existing plant (1993, 800,000 t/year, 42 bar/ 
430°C), the 530,000 t/year Waste Fired Power 
Plant was completed in 2007. The superior proper¬ 
ties of Inconel 625 allowed in 2001 the choice for 
increasing the boiler steam parameters to 125 bar/ 
440° C [ 1] . This high pressure with moderate super¬ 
heater temperature was made possible by a steam- 
to-steam reheater, using drum steam to reheat the 
steam halfway the turbine. Energy efficiency was 
increased further by reducing boiler outlet temper¬ 
ature, reducing the combustion excess air ratio 
till 1.4 (equivalent to lowering oxygen content in 
the stack gas from 8% to about 6%), heat recovery 
from the gas cleaning system, reducing of internal 
heat and electricity consumption, and improved 
design of turbine and condenser. The net electrical 
efficiency of this unit is 30.4% and 34.5% gross. 

• In Riidersdorf near Berlin (Germany, 2009), 
a 250,000 t/year RDF plant was started with steam 
parameters of 90 bar/420°C. Also, reheating half¬ 
way the turbine is used, albeit with the reheating 
accomplished by a heat exchanger tube bundle in 


the flue gas. The net electrical efficiency of this plant 
is 29.1% and 31.8% gross. 

• In Hameln (Germany), a 200,000 t/year plant was 
started in 2010 with steam parameters of 41 bar/ 
400° C and external superheating of the steam to 
520° C. The excess air ratio is only 1.39. The net 
electrical efficiency from the energy in the waste is 
26.6% and 29.7% gross. 

• Biomass combusting plants with reheaters were 
erected in Bischofferode (Thiiringen, Germany, 
128 bar/532°C), Leipzig (Germany, 20 MW fluid¬ 
ized bed boiler, fresh wood from forestry, 128 bar/ 
532°C), Eberswalde (Germany, 80 bar/480°C), and 
Simmering (Vienna, Austria, 120 bar/520°C, 23.4 
MWel, gross efficiency of 36.4%). The temperatures 
and hence efficiencies in these plants can be higher 
because the biomass combusted contains less chlo¬ 
rine than MSW, which results in less aggressive 
conditions in the boiler. 

The above developments indicate that the focus on 
sustainable waste management along with favorable 
legislation and the availability of new corrosion- 
resistant materials have shifted the frontier of what 
WTE efficiencies can be commercially achieved. Espe¬ 
cially, the general acceptance of using the high-cost 
Inconel 625 as a cladding on the boiler membrane 
walls has been a breakthrough in maintaining high 
availabilities with increasing steam parameters. 

Historical Overview 

Table 1 shows schematically the different generations of 
WTE power plants. 

Improving Energy Efficiency from Waste 

Waste to Energy plants all use a boiler to produce steam 
and a steam turbine to convert this steam to electricity 
in a Rankine cycle. The efficiency of this Rankine cycle 
depends directly on the ratio between maximum and 
minimum temperature, i.e., the superheated steam and 
the steam condenser at turbine outlet. The strongly 
corrosive properties of the combustion gases are limit¬ 
ing the maximum steam temperature that can practi¬ 
cally be handled. This explains why WTE power plants 
cannot achieve the high energy efficiencies of a clean 
fuel like natural gas. 
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Waste-to-Energy Facilities as Power Plants. Table 1 Changing paradigms for WtE-plants 


Generation 

Period 

Paradigm 

Boiler 

Heat efficiency 

Electrical efficiency 

0 

P re-1900 

Landfill 

- 

- 

- 

1st 

1900-1960 

Sanitation, 

Incineration 

Hot water or low steam 
parameters 

-50% 

Some cases 

2nd 

1960-1990 

Nuisance, 

Dust separation 

Medium steam 
parameters 

<70% 

-5-14% 

3rd 

1990-2005 

Pollution, Chemical 
Flue gas cleaning 

40 bar/400°C 

CHP 

-15-22% 

4th 

2005- 

Sustainability, 

Energy efficiency & 
Material recovery 

Higher steam 
parameters 

CHP 

-25-31% 


In designing WTE boilers, great care has to be paid 
to the layout of superheaters with regard to their posi¬ 
tion in the boiler and the flue gas temperatures. The 
introduction of high-temperature corrosion-resistant 
alloys for the cladding of the membrane walling the 
first pass of the boiler has allowed to operate at higher 
boiler wall temperatures. This also allows for increasing 
steam pressure and the introduction of reheating of the 
steam halfway the turbine. The reheating increases 
efficiency even with moderate superheater tempera¬ 
tures. The following graph relates the steam parameters 
to the estimated corrosion resistance of normal boiler 
steel (e.g., 15 Mo3) and cladding of the steel with 
Inconel 625 (Fig. 1). 

As shown in the above figure, a classical WTE boiler 
is operated at superheater temperatures of 40-60° C 
below the temperatures where corrosion starts to 
become important. However, it should be noted that 
the surface of the steel tube is between 20°C and 50° C 
above the temperature of the steam in the tube. The 
superheater temperatures for the new concepts can be 
increased till it is close to the transition area when the 
boiler design is optimized for this. Key parameters for 
this are especially low flue gas speeds in empty passes 
and in the superheater bundle. A long residence time of 
the flue gas allows for gradual cooling and a chemical 
equilibrium when reaching the superheater. Experi¬ 
ences with the use of Inconel in superheater bundles 
are mixed and are not generally cost-efficient. The good 
properties at high flue gas temperatures can best be 
exploited by cladding the membrane walls in 


combination with drum pressures of 80-150 bar, thus 
raising drum temperature by 50-80° C. These high 
pressures require the use of reheating halfway through 
the turbine in order to prevent too high levels of steam 
wetness in the turbine. For this there are three rivaling 
concepts. 

Reheating can be done by a bundle in the boiler 
(Rudersdorf plant) which allows reaching high 
reheating temperatures (—450°C) but requires an addi¬ 
tional bundle near the superheaters. As a consequence, 
the flue gas at inlet of the bundles has to be hotter, 
leading to more molten fly ash deposits and corrosion. 
This makes this a maintenance-intensive solution. 

In the alternative solution, the steam is reheated 
halfway the turbine by a steam-steam heat exchanger 
that uses steam from the drum. The temperature of the 
reheating is limited by drum steam temperature 
(—330°C) but the advantage is that it is a low mainte¬ 
nance solution because in this case the heat transfer is 
shifted from bundles to membrane wall, which is much 
lower in maintenance due to the Inconel. 

The third alternative is to use external superheating 
(Moerdijk, Hameln, Bilbao) to circumvent the corro¬ 
sion by using heat from another fuel to superheat or 
reheat the steam. This is thermodynamically a very 
good solution combining the low-temperature heat 
from waste (because the corrosion limits) with the 
high temperature from a good fuel like Natural gas. 
However, the total thermal efficiency of a plant using 
auxiliary fuel must be divided into the efficiency 
expected by the fossil fuel and that achieved only 
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Steam temperatures versus material properties 



- Corrosion zone inconel -Corrosion zone steel . Corrosion inconel (transition area) 

. Corrosion steel (transition area) -Classical (22%) - Optimised (24%) 

- Fluegas-Reheat (29%) - Steam-Reheat (30%) 


* corrosion performance of materials 

are estimates for real life fluegas and flyash 

conditions. 

** Steam temperatures modeled in efficiency 
calculation model. ©AEB-MvB 

Waste-to-Energy Facilities as Power Plants. Figure 1 

Corrosion: Material properties and temperatures of steam and flue gas 


from the energy in the waste. Therefore, the reference 
efficiency for gas (Combined Cycle Gas Turbine 
ca. 58%) must be deducted from the total output. 
The resulting efficiencies from the energy in the waste 
have been shown to be in the same range as the steam 


reheating concepts and they depend on the pressure at 
which the steam is delivered. Also, matching the scale 
of WTE boiler and the gas turbine can lead to practical 
problems since gas turbines are chosen preferably to be 
of high capacity (>200 MWel) in order to be more 
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efficient. Also, an economic disadvantage is that a WTE 
plant must be run in base load which means that the gas 
plant cannot be switched off during periods of low 
demand for electricity. This requires burning natural 
gas at times when electricity prices are low and makes 
maintenance planning critical. 

Also, new WTE plants with classical steam param¬ 
eters tend to have higher efficiencies due to energy 
optimization at other points: 

• Lowering deaerator temperature from the common 
135°C to 115°C 

• Lowering boiler outlet temperature of 180°C fur¬ 
ther till 150°C 

• After dust separation, a second economizer (for 
condensate preheating or for district heating) 
cooling the flue gasses till 90-100° (below the acid 
condensation point) 

• A third economizer at the end of the flue gas 
cleaning (before induced draft fan) to extract the 
condensation heat of the flue gases (for condensate 
preheating) 

• Large condenser design to improve turbine vacuum 

• Llue gas recirculation as high-quantity secondary 
air/gas, with tertiary air above it 

• Low stoichiometric combustion at 1.4 resulting in 
oxygen surplus of only 6% 

• High efficient motor drives and the use of frequency 
converters to control them in order to avoid throt¬ 
tling by control valves 

• Recovery of heat from blow-down water and steam 
bleeds (like deaerator off gas) 

• Optimized steam bleeds from the turbine for staged 
heating of condensate, two-stage heating of water 
for district heating and primary air heating 

Assessing the Energy from Waste 

Efficiency Formulae 

The simplest indicator of energetic efficiency of WTE 
power plants can be expressed as follows: 

„ . Heat + Electricity 

Energy efficiency =--- (1) 

Input from waste 

In this formula, the total energy content in the 
waste (Lower Heating Value) is the input to the system, 
and the total output is the sum of the produced heat 


and electricity. Many different variations have been 
proposed for energy efficiency. In a Dutch study 
alone, there are listed 11 methods that are used in 
different legislation ([2], p. 14). This is mainly due to 
different definitions, deviations from the laws of phys¬ 
ics, and using specific parameters and assumptions. 

The definitions of the energy streams can be differ¬ 
ent; e.g., the place where the electricity is measured can 
be chosen at the generator (gross electricity produc¬ 
tion) or at the point of delivery to the grid (net elec¬ 
tricity delivery). The difference is the in-plant 
consumption of electricity that can amount to 2-4 
percentage points in efficiency. The time frame can be 
chosen as a specific measurement, e.g., over a short 
time of good operation (e.g., a day), or a year, including 
all variations in waste, operational disturbances, shut¬ 
downs, and start-ups. The difference between short 
term and long term average efficiency is typically 1-2 
percentage points in efficiency. Also, corrections are 
needed to account for fossil fuels that may be used 
occasionally. 

The R1/D10 formula in the EU Waste Framework 
directive is an energy efficiency formula developed 
specifically for WTE: 

R1/D10 efficiency factor =-—^~ - 

' 7 0.97 x (Ew + Ef) 

( 2 ) 

where 

E p , annual primary energy substituted by the produced 
heat and electricity 

E f , annual energy input to the system from fuels con¬ 
tributing to the production of steam 
E^ annual energy contained in the treated waste calcu¬ 
lated using the lower net calorific value 
E i5 annual energy imported excluding E w and E f 
(GJ/year) 

0.97, factor chosen for accounting for energy losses due 
to bottom ash and radiation 

This formula is now the basis of a new EU ruling 
that determines the distinction between considering 
a WTE plant as reuse (R1-status) or disposal (D 10- 
status) plant. The threshold is R1 = 0.6 for plants 
built before 2008 and R1 = 0.65 for new WTE 
plants. The figure is not to be compared with the 
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energy-output-efficiency as in formula (1) shown ear¬ 
lier. This formula expresses how much primary fuel is 
replaced by the energy recovered from the waste. 

E p = 1.1 * Heat + 2.6 * Electr (3) 

The equivalence factors 1.1 and 2.6 are expressing that 
the heat produced is substituting another boiler with 
an efficiency of 90% and the produced electricity is 
substituting a power plant with an average efficiency 
of 38% (1/90% = 1.0989 and 1/38% = 2.6316). 

The EU R1/D10 formula for energy approach has 
some fundamental advantages: 

• The equivalence factors account for the differ¬ 
ence in thermodynamic quality of electricity and 
heat, which is a definite improvement over 
formula (1). 

• Electrical efficiency for a plant can be measured by 
an established definition (ISO 1940). 

This approach has some disadvantages: 

• For both heat and electricity, the gross production 
is to be used, so internal consumption also contrib¬ 
utes to a higher value. 

• The Energy Efficiency definition is a new political 
definition, setting WTE power plants apart from 
electrical power production industry. 

• Material/metal recovery is not taken into account. 

• The offset from the biogenic content in the waste is 
not taken into account. 

• The equivalence factors 1.1, 2.6, and 0.97 have no 
real physical background [3]. Heat is overvalued 
which makes it easy to fulfill the criterion in colder 
countries where district heating is common. 

• The equivalence factor for heat does not take the 
temperature (and thereby enthalpy) of the heat 
delivery into account. This rewards (and stimu¬ 
lates) low-temperature district heating, but under¬ 
estimates the even better effect of high-temperature 
steam delivery to industry. The use of exergy instead 
of energy is a possibility to physically correctly 
relate heat and electricity. 

Many existing plants will meet the 0.6 criterion, 
only small plants delivering electricity only will be 
below. For new plants to be built, the 0.65 is not 
challenging for full optimization. Values up to the 
range of 0.9 till 1.1 have been reported. 


Alternative Efficiency Evaluations 

In order to address the performance of a WTE power 
plant in a specific context, several more integrated 
methods are available: 

- Instead of efficiency (which is a ratio), the direct 
output can be expressed. Classical plants deliver 
about 500-650 kWh/t of waste when this has the 
average calorific value of 10 MJ/kg (standard waste, 
Lower Heating Value LHV). For the high-efficiency 
plants, this can be raised to as much as 850 kWh/t of 
waste. For presorted high calorific wastes with 
a calorific value of 12-14 MJ/kg, the recovery can 
reach 900-1,100 kWh/t of waste.Additionally, 
1,500-2,500 kWh-heat/t of standard waste can be 
delivered with only a small de-rating of the capacity 
to produce electricity. De-rating depends on the 
temperature at which the heat is delivered and the 
configuration of the turbine, and can be 13-20% of 
the amount of heat extracted from the turbine, i.e., 
delivery of 1 kWh of heat reduces electrical output 
with 0.13-0.20 kWh. 

- The use of exergy instead of energy is a possibility to 
physically and thermodynamically correctly relate 
heat and electricity, see [4, 5]. Exergy is the equiv¬ 
alent amount of work that can be performed by 
a stream of heat. A small formula uses the tem¬ 
perature to convert heat energy in it to equivalent 
exergy. This solves the use of arbitrary equiva¬ 
lence factors as used in the R1/D10 formula and 
expresses the output of a CHP plant in an equiv¬ 
alent amount of electricity that that plant could 
produce if no heat was extracted from the 
turbine. 

- C0 2 -evaluation is calculating the overall impact of 
the greenhouse gas effects. This constitutes the 
direct emission of C0 2 which originates partly 
from fossil origin (~450 kg/t of waste). The other 
half of the carbon in the waste is of biogenic origin 
content of the waste which is C0 2 -neutral. The 
direct emissions are offset by the external effect of 
substitution of other fossil energy power produc¬ 
tion by the energy produced from waste. Also, the 
substitution of mining and materials processing by 
the recovery of metals can be calculated. For normal 
WTE installations, the combination of biogenic 
content and substitution results in a net greenhouse 
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effect of +100 to about zero kg C0 2 /t of waste. 
For high-efficiency WTE installations, the higher 
substitution leads to a net avoidance (^negative 
emission) of up to —200 kg C0 2 /t of waste [6]. 

- Life Cycle Analyses (LCA) is doing the same as 
a C0 2 -evaluation but it also adds a list of other 
impacts on the environment and health, like: 
human toxicity, ecotoxicity, acidification, eutro¬ 
phication, injuries, mineral extraction, land use, 
nonrenewable energy, and ozone layer depletion. 
In the LCAs for different methods to manage 
wastes, it is generally shown that energy effi¬ 
ciency has a major effect in reducing the impact 
of waste management options. The process 
to conduct these studies is much more compli¬ 
cated but allows detailed analyses of the 
impacts [7]. 

- Cost Benefit Analyses (CBA) is doing the same as an 
LCA but monetizing all the effects. So comparisons 
of alternatives in a specific situation can be done 
using a single economic value. The economic value 
of different impacts has however high uncertainties 
which make the use of CBA often complicated and 
strongly depending on the boundary definitions of 
the system to be considered. 


Future Directions 

In the EU, there are strong legal drivers (e.g., formula 
for R1/D10 distinction and Best Available Technology 
Reference (BAT-BREF) documents) and in many 
nation members economic incentives (sustainable 
energy premiums) that encourage striving for higher 
efficiency of WTE. This promotes the use of more of 
the available energy efficiency optimization options. 
Even with classical steam parameters, new plants tend 
to be more energy efficient. WTE plants that produce 
only heat are becoming rare (with the exception of 
steam delivery to industry) and even in the case of 
Combined Heat and Power (CHP), electrical output is 
optimized. In the U.S.A., there is renewed interest in 
WTE which could also result in new high-efficiency 
plants. In Asia, a first wave of conventional installa¬ 
tions is being built in China while in Japan there is up 
to now more focus on ash treatment than on energy 
efficiency. 


It is to be expected that Europe will keep its tech¬ 
nological leading position in getting more energy out 
of waste. After new advances in technology have been 
proven in the E.U., it is expected that they will also be 
implemented elsewhere. 

As LCA studies have shown, consistently, that 
energy efficiency is a key parameter for reducing the 
overall cost as well as the environmental impact of 
waste management, it is expected that minimum stan¬ 
dards for energy efficiency will be raised over time. 
Economical modeling shows that the additional 
energy produced by WTE power plants is among the 
least-cost sources of sustainable, and also renewable, 
energy. 
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Glossary 

District heating (DH) A network of pipes, typically 
underground, that distributes hot water (or steam) 
used for space heating of residential homes and 
industrial spaces. This network allows for central¬ 
ized production of heat to be distributed to many 
consumers. 

Waste-to-energy (WTE) A thermal process where the 
chemical energy contained in solid wastes is 
converted to electricity and or heat. 

Definition of the Subject 

In Denmark, waste incineration has been used to pro¬ 
vide district heating since 1903, when the Frederiksberg 
Municipality in Copenhagen realized that landfilling 
of municipal waste could not continue within the 
municipality boundaries [1]. The incineration plant 
of the municipality provided steam, hot water, and 


some electricity to a nearby hospital, while reducing 
the waste volume and mass at the same time. 

The first waste-to-energy (WTE) plants in 
Denmark were producing heat only, while from the 
late 1980s, they started to produce combined heat and 
power (CHP). However, recovery of district heat for 
useful purposes requires large investments in energy 
infrastructure (district heating pipes distribution and 
transmission network), and the lack of such infrastruc¬ 
ture makes combined heat and power difficult in many 
countries. Most countries at this time produce only 
electricity (and not heat) from their waste incineration 
plants. 

Nevertheless energy recovery in district heating 
waste-to-energy plants is three- to fivefold higher 
than from electricity-only plants. Additionally, the 
revenues for a waste plant from selling district heat 
may substantially reduce the waste gate fee. For exam¬ 
ple, in 2007, 70% of the costs of the 29 Danish WTE 
plants were recovered by revenues from selling district 
heat. In Denmark today, about 20% of the total district 
heat production and approximately 4.5% of the elec¬ 
tricity used are due to energy recovery from waste 
incineration [2]. 

This entry reviews waste-to-energy and district 
heating technologies, drawing on the considerable 
experience accumulated in Denmark. 

Introduction 

This entry deals with energy recovery in waste-fired 
boilers, using the Rankine steam cycle for electricity 
production; and also examines methods of producing 
district heat or process steam that allow combined heat 
and power production. The Rankine thermal cycle is 
used to produce approximately 90% of the world’s 
electricity. 

Figure 1 illustrates this process in its simplest form: 
Water is pressured in a pump, superheated in a boiler, 
and expanded in a steam turbine. It can be shown 
thermodynamically that the electricity yield at the tur¬ 
bine, Wturbine > is much higher than the power consumed 
by the pump, W pump . It can be shown that the cycle 
efficiency - from fuel to turbine output - increases with 
higher steam temperatures and pressures (point 3); 
similarly, a higher efficiency is reached by lowering 
the steam condensing temperature (point 4). The 
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Waste-to-Energy for District Heating. Figure 1 

Illustration of the Rankine water-steam cycle for electricity generation, as well as picture of a steam turbine rotor (Figure to 
the left from wikipedia.org. Picture of steam turbine rotor by Courtesy of MAN Diesel Turbo SE, see also http://www. 
mandieselturbo.com) 


condensing temperature ultimately depends on the 
cooling temperature level available to the condenser; 
the condenser can be either water cooled (seawater or 
river/lake water) or air cooled. This is why power sta¬ 
tions located in cold regions (access to cold seawater, 
for instance) have a higher electrical efficiency than 
power stations without such access. 

Waste-to-energy facilities in Europe are often 
equipped with air-cooled condensers, which can be 
either wet (water consuming) or dry, and configured 
with either forced airflow or natural draught (“cooling 
tower”). Air-cooled condensers are the most common 
choice of WTE facilities. 

Figure 2 shows the principle of such an air-cooled 
condenser system. In the top illustration in Fig. 2, low- 
pressure high-volume steam from a steam turbine 
exhaust is routed to a four-row air-cooled condenser 
unit, where the steam is condensed in finned tube 
bundles; large fans (often 10 m in diameter) force 
airflow across the condenser heat surface areas, thus 
removing the heat. Air-cooled condenser installations 
are necessary where there are no other means of 
cooling. 

Therefore, WTE facilities with no access to a heat 
user must reject large amounts of heat through con¬ 
densers, such as shown in Fig. 2. Typically, the net 
electrical efficiency of WTE facilities is in the region 
of 25%. Hence, for a 100 MW plant (corresponding 


to 32 t/h of waste with a calorific value of about 
11 MJ/kg), roughly 25 MW of electricity can be sold 
to the grid. Of the 100 MW energy input, about 55 MW 
is rejected in water- or air-cooled condenser. Therefore, 
a very large amount of energy is lost. 

However, if there is a demand for heat, such as space 
heating, in the vicinity of the WTE facility, it may very 
well be feasible to provide heat from the waste facility - 
thereby utilizing part of the heat rejected to condensers. 
Other options for using the WTE heat include the 
supply of process steam to a nearby factory or industry 
that would otherwise be produced by oil or gas. 


Fuel input (waste): 

100% 

Electricity from waste: 

-25% 

Heat reject in Air-cooled 
condenser: 

-55% 

Other losses: 

-20% 

Useful heat potential 
(hot water or steam): 

-55-65% (Flue gas 
condensation, a method of 
extracting additionally 

10-1 5% of the fuel input as 
useful heat, but this is not 
included in this table) 


There are various methods of producing heat from 
a WTE plant, as discussed in the following sections. 
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Waste-to-Energy for District Heating. Figure 2 

Air-cooled condensers (Figures from http://www.gea-energietechnik.com. Courtesy GEA Energietechnik) 


Waste Boilers 

Waste incineration plants are designed to treat waste 
with great variation in the composition of the 
incoming waste (This chapter is mainly based on 
the following source: solid waste technology manage¬ 
ment, vol 1, chapter 8.1, as well as generally based on 
Ramboll knowledge and experience). This is the pri¬ 
mary difference between waste incineration and other 
combustion systems, and it has large implications on 
the design of the incineration plant. Waste is not an 
ideal fuel and it is important to link the fuel char¬ 
acteristics to the combustion process. The main tech¬ 
nologies described in this section are combustion of 


as-received municipal solid wastes (MSW) by means 
of a moving grate. 

Common to waste boilers is the concept of the 
“capacity diagram,” which determines limits of thermal 
capacity (energy input) for a particular boiler, given the 
variation of heating value in the waste. In the example 
shown in Fig. 3, the boiler can accept waste with 
a (lower) heating value from 9 to 15 MJ/kg, and 
a throughput from 7 to 14.4 t/h of waste. 

Typical heating values for some waste fractions are 
as shown below [3]. Note the very large variations, and 
hence the need for a waste boiler to handle fuel input 
with a variety of lower heating values. 
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Waste-to-Energy for District Heating. Figure 3 

Typical waste boiler capacity diagram. The nominal load point in this example is indicated by point (1), where the waste 
has a heating value of 12 MJ/kg 


Fresh wood (50% moisture) 

10 MJ/kg 

Oven dried wood 

17-19 MJ/kg 

Paper/cardboard 

14-15 MJ/kg 

Plastic 

28-35 MJ/kg 

Metal, glass, concrete 

0 MJ/kg 

Organic waste 

4 MJ/kg 

Municipal waste (Copenhagen) 

10-11 MJ/kg 

Municipal waste (Bangkok) 

2.5-12 MJ/kg 


The minimum thermal load of a modern grate 
combustion waste boiler is 65-70%, limited by the 
ability to ensure proper burnout and upholding legis¬ 
lative requirements with regard to emission limits (like 
CO, Dioxins, etc.,) and flue gas temperature limits (flue 
gas at least 850°C for a minimum of 2 s, for instance). 

Grate-Fired Boilers 

A combustion grate is a transport device that moves the 
burning fuel from the inlet through the furnace to the 


bottom ash outlet. During transportation, the fuel is 
mixed and combustion air is added. Volatile material is 
released to the combustion chamber above the grate 
and fixed carbon is burned on the grate. The grate is an 
integrated part of the furnace, where the fuel is 
converted into energy. The grate ensures drying, igni¬ 
tion, combustion and energy release, and complete 
burnout before the bottom ash outlet [4]. 

Flue gases leaving the grate enter the actual “boiler,” 
where the main steam generation takes place. 
A modern European waste boiler often consists of 
three empty flue gas passes, in which the flue gas is 
cooled to approximately 600-750° C while providing 
heat to evaporate the boiler water to generate (satu¬ 
rated) steam. The dominant means of heat transfer in 
this part of the boiler is radiation, due to the high 
temperature of the flue gases; thus, the first three passes 
are often called “radiation passes.” 

Boilers for waste facilities are “drum-type” boilers, 
characterized by a “drum” maintained below the criti¬ 
cal steam pressure of 221 bar. The large cylindrical 
drum contains water at high pressure and is located at 
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the top of the boiler. Water circulates by natural con¬ 
vection by means of “down-comer” tubes and up 
through the evaporator tubes, since evaporated water 
(steam) has a lower density than the water in the down 
comers. Typically, the circulation ratio is 15-20, i.e., the 
circulating mass flow in the evaporator section is 15-20 
times the dry steam flow exiting the drum. 

Avery simple analogy to the circulation principle in 
a drum-type boiler is a household electric drip brewing 
coffeemaker, where hot water is also moved upward 
without need of a pump, by the thermosyphon method. 

When the flue gases enter the fourth pass of the boiler, 
the primary method of heat transfer changes to convec¬ 
tion: Superheater tube bundles are located in the path of 
the flue gas flow, thus providing a large surface area to 
facilitate the transfer of heat from flue gas to steam. The 
superheater tube bundles heat the saturated steam from 
the drum to the desired final steam temperature. 

The economizer is the last set of tube bundles in the 
boiler, seen from the flue gas point of view. Here the 
inlet water is heated to somewhere below the boiling 
point at the particular water pressure (e.g., heated to 


200° C) while the flue gas is cooled to the desired set 
point temperature, e.g., 180°C. 

Typically the pressure in the drum is 50-70 bar, and 
the final steam temperature 380-440°C. 

The mechanisms described below are illustrated 
in Fig. 4. 

Different Types of Boiler Arrangements 

Depending on the needs and requirements of the pur¬ 
chaser of a WTE facility, the boiler heat transfer sur¬ 
faces can be arranged in various ways, thus influencing 
up-front cost, operating and maintenance costs, avail¬ 
ability, and efficiency. 

The most common boiler configurations are 
described below (Table 3): 

Steam Turbines for Electricity Production 

The steam turbine is the equipment that transforms the 
energy in the steam (temperature and pressure) to 
mechanical energy, via a rotating generator that 
produces electricity. The thermodynamic process is 



Waste-to-Energy for District Heating. Figure 4 

Schematic of a modem European 4-pass waste boiler 
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Waste-to-Energy for District Heating. Figure 5 

Simple illustration of the steam cycle, with a wind-turbine 
analogy 

expansion of the high-pressure steam that produces 
kinetic energy (high velocity) that is transferred to the 
blades of the steam and forces it to turn through an 
electromagnetic field. 

This process, in very simple terms, can be compared 
to a wind turbine with the airflow past the wings (or 
“blades” as it is called in a steam turbine) being 
replaced by hot steam under pressure (Fig. 5). 

It is often useful to plot a steam turbine expansion 
in a so-called mollier or hs diagram, “h” is the steam 
enthalpy and “s” is the entropy, both of which are 
thermodynamic variables of state, and can be thought 
of, as variables that can be looked up in tables provided 
that temperature and pressure are known (in the wet 
steam region this is not enough - here also steam 
dryness must be known). 

In such a diagram, the enthalpy change during the 
steam expansion is shown “visually,” which has partic¬ 
ular interest due to the first law of thermodynamics 
stating the relationship between mechanical work, heat 
loss, and enthalpy drop (see equation below; its validity 
is subject to various assumptions for steam turbines, 
such as steady-state operation and negligible heat loss). 

W[Work] = m x (h in - h out ) 

[kW] = [kg/s] x [kj/kg] 

Since the heat loss from a steam turbine is negligi¬ 
ble, and considering that approximately 97-99% of the 
mechanical shaft work can be translated into electrical 
power, the above equation shows that the steam turbine 
power output is mainly dependent on: 


1. Mass flow of steam (given by the size of the boiler) 

2. Inlet and outlet enthalpy (given by steam parame¬ 
ters, and available cooling, which sets the final 
expansion pressure) 

A steam expansion from 40 bar to 1 bar is shown 
in Fig. 6 below, by means of the red line between the 
two yellow dots. The enthalpy drop on the y-axis can be 
read to be (3.24—2.56 MJ/kg) 0.68 MJ/kg. Therefore, 
for every kg/s of steam subjected to such an expansion, 
roughly 0.68 MW of electricity can be produced. 

The “internal” efficiency of a steam turbine can be 
determined by the steepness of the red expansion line, 
where a completely vertical line represents 100% effi¬ 
ciency (limited by the second law of thermodynamics). 
This would correspond to an expansion to the green dot. 

Figure 6 also clearly shows that each kg/s of 
steam would produce additional electricity if the inlet 
pressure and temperature were higher (see for instance 
the “200 bar” line) and if the outlet pressure were lower 
(see the “0.1 bar” line). 

As noted earlier, thermal cycles are more efficient 
at higher steam temperatures and pressures. How¬ 
ever, due to high-temperature corrosion of boiler 
tubes arising from chloride and other substances in 
the waste, waste boilers are for practical purposes 
limited to approximately 440-450°C and 60-90 bar, 
depending on the levels of maintenance a plant 
owner will accept. 

Other examples of expansion lines can be seen in 
Fig. 7, using 8 kg/s as an example. This figure shows 
that, at 90% steam turbine efficiency, the potential 
power output is 4.1 MW, for an inlet state of 400° C 
and 40 bar and a fixed back pressure of 2 bar. This drops 
to 3.2 MW for an efficiency of 70%, and drops further 
to 2.6 MW when the steam temperature and pressure 
are decreased to 380°C and 22 bar. 

Process Concepts for a Complete Electricity-Only 
Energy for Waste Facility 

When the waste boiler and steam turbine technologies 
are combined, along with appropriate flue gas treatment, 
a waste-fired power plant concept is formed. Such 
a concept is illustrated in Fig. 8, comprising a horizon¬ 
tal-type boiler with a vertical economizer, a 400°C/40 bar 
steam turbine connected to an air-cooled condenser, and 
a dry flue gas cleaning system. The thermal cycle also 
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Waste-to-Energy for District Heating. Figure 6 

hs-diagram for a hypothetical steam turbine expansion (Source: Ramboll) 


shows other necessary components like a deaerator, 
which removes non-condensable gases from the boiler 
water/condensate. The process flow path of the water- 
steam flow and the flue gas, respectively, is shown 
in Fig. 9. 

Experience with waste boilers has shown that the 
risk of high-temperature corrosion of the superheater 
tubes is greatly dependant on the flue gas temperature 
at the entrance to the fourth pass. It is therefore 
often a boiler design criterion that the flue gas 
does not exceed roughly 625-650°C, when passing 
across the hottest superheater tubes. Selection of cor¬ 
rect/appropriate material (steel alloy) for the tubes 
is also important, although developments in anti¬ 
corrosive steel do not appear to have solved the corro¬ 
sion problems in waste boilers. 

Superheater tubes producing 400°C steam on 
a municipal waste facility are estimated by Ramboll 
to have a lifetime of up to 10-15 years, under the 
best conditions and with a modern boiler design. 
Even moderate increases to this temperature, 


say up to 450°C, may cause severe corrosion and 
reduce the lifetime of superheater tubes to perhaps 
3-5 years. Ramboll estimates that further increases, 
say to 500°C, may entail boiler tubes maintenance 
several times a year due to severe high-temperature 
corrosion. 

Waste boiler manufactures generally do not recom¬ 
mend higher steam temperatures than 440-450° C, unless 
special circumstances dictate otherwise. Methods of 
reducing corrosion include choosing high alloy steels, 
or specially resistant coatings. 

WTE Facilities Delivering "Small-To-Medium" 
Amounts of Heat 

An “electricity-only” waste-to-energy plant can easily 
be designed to produce small-to-medium amounts of 
heat; for example, when heat or process steam can be 
sold a number of months of the year (winter) while the 
remaining months, the plant can operate to produce 
electricity only. 
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HS-diagram. Typical turbine solutions 8 kg/s steam. Pexh ~2,2 bara (1 condenser solution 70-120°C) 



Waste-to-Energy for District Heating. Figure 7 

Various expansion lines for 8 kg/s steam. The 2 bar back pressure equates to the necessary pressure level to produce hot 
water at 120°C (Diagram by Ramboll) 


A technical solution to this is to have an “extrac¬ 
tion” turbine, with a crossover valve placed some¬ 
where along the turbine expansion line. When 
actuated toward the close position, the valve forces 
out steam to a hot water condenser which (Fig. 10) 
produces 80-110°C water. The crossover valve can thus 
divert steam to where it is mostly needed: either to 
produce heat, or to produce electricity, as required. 
As such, this type of turbine enables both “heat 
and power” operation as well as “electricity-only” 
operation. 

Turbines such as the one shown in Fig. 10 could 
be the choice when the plant is connected to a small 
district heating network, or for the plant to be “CHP 
ready,” for future district heating operation. 

Figure 11 shows a cross-sectional view of an 
“extraction” steam turbine with the ability to operate 
freely between “electricity-only” and “combined heat 
and power” modes. 


Figure 12 is an elaboration of Fig. 10, now showing 
also the major control principles relevant for an extrac¬ 
tion turbine connected to a small district heating 
network. 

The waterside district heating pumps (shown as 
a set of three pumps, for redundancy reasons) control 
to achieve a desired pressure drop in the district heating 
network, dP, for instance 2 bar. This allows enough 
pressure to operate the heating installations connected 
to the network. 

If the heating consumers in the network turn on 
their radiators (call for more heat), the pressure in the 
network will drop, and the district heat pumps of the 
plant will respond by increasing the flow to again 
uphold the desired dP. 

The steam turbine crossover valve, as well as 
the steam valve in the line to the DH condenser, is 
regulated to keep a constant district heating supply 
temperature. Thus, if the consumer calls for more 
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Waste-to-Energy for District Heating. Figure 8 

Complete water-steam cycle for a typical European waste-to-energy facility, with no heat production (Source: Ramboll) 


heat, the district heating pumps will increase the flow 
and the initial consequence will be a lower DH temper¬ 
ature. This is picked up by the turbine controls, which 
respond by providing more steam to the condenser 
until the set-point district heat temperature is 
obtained. 

These controls in combination will thus match 
the consumer demand for heat (in MJ/s) and 
desired supply temperature, which is a set point 
determined by the heating network operators. For 
large transmission heat networks, the supply tem¬ 
perature is 100-120°C or more, whereas smaller heat 
networks may have supply temperatures as low as 
75-85°C. 

Generally, the supply temperature is a function of 
the ambient temperature, since a higher supply tem¬ 
perature will allow the transfer of more heat in the 
district heating pipework, which is also bound by 
hydraulic limits. 


Table 1 below shows an example of set points for 
district heat network supply temperatures, as a func¬ 
tion of ambient temperature. 

Larger District Heating Networks and District 
Heat-Producing WTE Facilities 

When a WTE facility has access to a large district 
heating network, such as in countries with a cold cli¬ 
mate like Denmark, Sweden, and Finland, it is common 
to establish so-called back pressure turbines, where all 
the steam exiting the turbine is used to produce district 
heat (Fig. 13). 

This configuration is illustrated in Fig. 14 
(next page) where the very large air-cooled con¬ 
denser has been replaced by two, and much 
smaller, surface steam condensers, where the con¬ 
densing heat is transferred to the district heating 
water. To exemplify other options, a 14-bar process 
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Waste-to-Energy for District Heating. Figure 9 

Process flow path for water-steam {left) and flue gas {right) in a WTE facility (Source: Ramboll) 


steam extraction to a hypothetical nearby factory is 
also shown. 

Table 2 compares the electrical and total efficiencies 
of an “electrical-only” and combined heat and power 
“district heating” plant, configured as discussed in this 
chapter. Since the district heating water induces 
a higher back pressure (~1 bar) than an air-cooled 
condenser (~0.1 bar), the electrical efficiency of the 
“electrical-only” plant is higher. 

As a result, the electrical-only plant will have an 
electrical efficiency approximately 3-6% points higher 
than the corresponding district heating plant (based on 
various assumptions). 


Table 2 below shows typical figures based on a 100 
MW thermal plant as an example. It is clear that the 
district heating plant produces 3.5 MW less electricity. 

However, a total of 63 MJ/s of heat is produced 
instead - hence 1 MW of electricity is converted to 
18 MJ/s of heat (63/3.5 = 18). This is 18 times more 
efficient than electric space heating, and also even more 
efficient than highly efficient heat pump installations, 
which can produce up to approximately 4-6 MJ/s of 
heat for every MW of electricity. 

The conclusion is that a waste-to-energy district 
heating turbine is an extremely efficient means of 
producing heat. Obviously, the “value” of the produced 
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Boiler steam 


< 0,1 

bara 


Low pressure section 


For condensing operation 


Cross over valve 
operated to match heat demand 


1 - 1 , 5 ’\ 
V bara J 



for district heat 


Waste-to-Energy for District Heating. Figure 10 

Extraction turbine with the ability to provide variable quantities of hot water, depending on the heat requirement. The 
depicted solution is applicable for a plant to be operated both in "electricity-only" mode, as well as in "combined heat and 
power" mode (Figure by Ramboll) 



Cross over valve for 
extraction of steam 
to district heat 
condenser 


Low pressure part 


40-60°C 


80-110°C 

4 -- 


Waste-to-Energy for District Heating. Figure 11 

Extraction steam turbine cross section. Crossover valve seen used to drive steam to the district heating condensers as per 
required heat demand (Courtesy of MAN Diesel & Turbo SE, see also http://mandieselturbo.com/0001157/PrimeServ/ 
Turbomachinery/Steam-Turbines.html) (Figure by courtesy of MAN Diesel and Turbo SE, annotated by Ramboll) 
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DH conceptual diagram - ACC (no/small heat market solution) 
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Waste-to-Energy for District Heating. Figure 12 

Typical districting heating components and principle control mechanisms 


Waste-to-Energy for District Heating. Table 1 Example 
of DH supply temperature versus ambient temperature for 
large Swedish DH network 



T ambient 
(°C) 

T supply 
(°C) 

T return 
(°C) 

Very cold winter 

<-15 

115 

52 

Cold winter 

— 10 to —15 

105 

50 

Winter 

Oto -10 

95 

45 

Spring/autumn 

+10 to 0 

85 

42 

Summer 

> +10 

75 

45 


heat depends on the local heat market and the size 
of the district heating network. Figure 15 shows the 
district heating network in the Copenhagen region 
that stretches over a distance of about 40 km from 
east to west. 


The high total efficiencies of waste-to-energy plants 
connected to (medium-large) district heating networks 
result in low incinerator gate fees, since there is gener¬ 
ally a higher energy-sales income than electricity-only 
plants. 

The configuration of pumps and main control 
strategies for a district heating WTE facility can be 
seen in Fig. 16. The mechanisms are slightly different 
than the “electricity-only” concept shown in Fig. 12, 
since now the district heating pumps are controlled to 
sustain a given district heating supply temperature. The 
result is that the district heating pumps ensure that 
variations in the steam flow are taken up by the district 
heating water flow. 

If, for instance, the thermal load on the waste 
boiler was to decrease (say due to a lower heating 
value of the waste), the steam flow to the turbine 
would be lower. The immediate consequence would 
be a lower district heat supply temperature. 
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Waste-to-Energy for District Heating. Figure 13 

1-2-3 rule of thumb for "district heat" configured waste-to- 
energy facilities. 1 t of waste yields approx. 2 MWh of heat, 
and 2/3 MWh of electricity 


The district heat pumps would respond by decreasing 
the flow, to again obtain the desired district heat 
supply temperature. In such a system, the heat net¬ 
work is relying on other production units to balance 
the heat demand and heat production at any given 
point in time. 

It is common, during summer, that a waste back 
pressure turbine produces more heat than the heat 
network demands. Since the MSW must be processed 
in the WTE plant, it is not always possible to reduce the 
thermal boiler load. Instead, plants often install water- 
to-air “summer coolers” to cool away the excess district 
heat. 

Ultimately, the size of the district heating network, 
as compared to the size of the waste-to-energy facility, 



Waste-to-Energy for District Heating. Figure 14 

Back pressure turbine for district heat production. Such a setup does not require a (large requiring) air-cooled condenser, 
since all the heat is transferred to the district heating network 
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Waste-to-Energy for District Heating. Table 2 Estimates of electrical and total efficiencies for "district heating" versus 
"electricity-only" Energy for waste facilities. Assumptions: electricity only back pressure = 100 mbar. District heating 
network temperatures = 50-90°C. Live steam parameters: 425°C/52 bar 


Size: 100 MW thermal 36 t/h of waste (-300,0001/ 
year) CV = 10 MJ/kg 

Net electrical efficiency 
(example) 

Heat efficiency 
(example) 

Total efficiency 
(example) 

Back pressure (district heat) plant (without 
air-cooled condenser) 

22.5% (22.5 MW sold) 

63% (63 MJ/s heat 
sold) 

85.5% 

Electricity-only plant (with air-cooled condenser) 

26% (26 MW sold) 

0% 

26% 


will determine whether it is more cost-effective to 
install an extraction turbine with an air-cooled con¬ 
denser, or a district heating back pressure turbine with 
a water-to-air hot water cooler. 

Advanced Solutions: Heat Pumps and District 
Cooling 

Waste-to-energy plants (and other thermal installa¬ 
tions) can be equipped to supply both district or indus¬ 
trial heating and cooling. This could be a preferred 
solution for a geographic location with cold winters 
but hot summers. For this application, an electrically or 
steam-driven chiller could be used. The electricity or 
driving steam could be supplied by the waste-to-energy 
steam turbine, thus allowing for the complete installa¬ 
tion to supply power, district heat, and district cooling, 
depending on the current demands. 

A schematic diagram of such “tri-generation” is 
shown in Fig. 17, where the “generator package” is 
driven by a waste-fired steam turbine. District cooling 
is less common than district heating, and in most 
cases only makes sense in hot countries, or for supply 
of industrial cooling to large office buildings, 
airports, etc. District cooling on household level is 
not common. 

Optimizing Energy for Waste Facilities for CHP 
Operation 

A WTE facility typically has efficiencies in the fol¬ 
lowing order of magnitude (MWt: thermal input) 
(Ramboll calculations and experience from Ramboll 
projects. Some plants may deviate from these 
values): 


"Electricity-only" WTE facility 
up to 100 MWt 

23-26% net electrical 
efficiency 

"Electricity-only" WTE facility 
>100 MWt 

Up to 30% net electrical 
efficiency 

Heat and power WTE facility up 
to 100 MWt 

17-23% net electrical 
efficiency 

Heat and power WTE facility 
>100 MWt 

Up to 25% net electrical 
efficiency 


The lower efficiency of combined heat and power 
facilities is due to a higher turbine back pressure, as 
discussed earlier (Fig. 6). However, combined heat and 
power facilities have total efficiencies ranging from 
82% to 86%; hence, a large amount of the energy in 
the waste is recovered for useful purposes. 

WTE facilities can also be equipped with so-called 
flue gas condensation equipment, where the boiler flue 
gas is cooled to 30-50° C to produce additional district 
heat. This flue gas temperature is below the flue gas dew 
point of normally 52-60°C, and hence, moisture in the 
flue gas is condensed, causing a significant energy release 
(The flue gas dew point depends on excess air ratio and 
absolute pressure, as well as the moisture content in the 
flue gas. The latter is closely related to waste lower 
heating value (LHV), since a lower heating value usually 
arises from a wetter fuel. A dew point of 51°C corre¬ 
sponds roughly to an LHV of 12 GJ/t, and a dew point 
60°C corresponds roughly to an LHV of 8 GJ/t). 

Facilities using flue gas condensation may reach 
total energy recovery efficiencies of >100% (measured 
on lower heating value basis), and are thus extremely 
efficient. 

In relation to optimizing electricity output for 
a combined heat and power plant, the temperature of 
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Waste-to-Energy for District Heating. Table 3 Typical boiler Configurations 


Superheaters 



"Horizontal" waste boiler 


Often used in Europe for larger WTE facilities 


Advantages: 


High efficiency, high availability 


- Good access to cleaning tubes in fourth pass, hence 
lower maintenance costs 


Disadvantages: 


Higher initial investment 



"Vertical" waste boiler 


Often used in smaller WTE facilities 


Advantages: 


Low initial investment (smaller boiler) 


Smaller plant footprint 


ECO 


Disadvantages: 


- Replacement of superheaters, and in general 
maintenance, more difficult due to poorer access 
conditions 


- Economizer tubes cleaning by soot blower (= > lower 
efficiency) 



"Vertical" waste boiler with superheater tubes in the 
radiation pass 


This boiler configuration is often seen in USA 


Advantages: 


As the "vertical" boiler, although even more compact 


Disadvantages: 


- The superheater tubes in the radiation pass may incur 
additional risk of corrosion and hence maintenance costs 
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THE COPENHAGEN DISTRICT HEATING NETWORK 




10 km 


Waste-to-energy plant 
■ CHP station 
Peak load plant 
Transmission pipeline 


I/S Vestforbraending 


CTR district heating areas 
VEKS district heating areas 
Heat supply ares of Vestforbraending 
Steam area 


Waste-to-Energy for District Heating. Figure 15 

Copenhagen district heating network spanning about 40 km from east to west (Figure courtesy of Ramboll Waste-to- 
Energy) 


the district heating water (especially the supply tem¬ 
perature) has a big influence on efficiency, as can be 
seen in Fig. 18. The figure shows that the electrical 
efficiency is reduced by approximately 1%-point for 
every 10°C increase in hot water supply temperature, 
which compared to other measures is a strong impact. 
A lower district heating supply temperature also results 
in a lower heat loss in the network, so there are many 
benefits to be gained by striving toward the lowest 
possible supply temperature. On the other hand, as 
discussed earlier, a higher supply temperature will 
allow transfer of more heat (or a reduced water 
flowrate) in the district heating pipework, which is 
also bound by hydraulic limits. It is recommended by 
Ramboll that for new district heating networks, the 
design temperatures should be a focus point, among 
others, when optimizing the overall system. For 


existing districting networks, it is difficult to change 
supply and return temperatures, due to the coupling 
to exiting pipe sizes, hydraulics, and final user 
installation. 

Even for relatively big changes in district heating 
temperatures, which would result in large/expensive 
impacts on the mechanical design, the effect on electri¬ 
cal efficiency is only within 1-5% points. Other opti¬ 
mization measures toward higher power output, such 
as higher steam parameters, higher boiler efficiency, 
etc., influence electrical efficiency also in the range of 
1-5% points, at the most. 

These relatively slight changes in electrical effi¬ 
ciency are in stark contrast to the benefits of combined 
heat and power, where the plant total efficiency can be 
increased by up to 60% points (from 25% to 85%) by 
using the “waste” heat for useful purposes, if possible. 
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DH conceptual diagram - DH dry cooler (Scandinavian solution) 
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Waste-to-Energy for District Heating. Figure 16 

Example of a district heat conceptual diagram for a "heat-only" back pressure plant 


Obviously, heat and power requires a heat sales 
opportunity, which in practice means an energy infra¬ 
structure of district heating pipework and pump instal¬ 
lations. The district heat network is not cost-effective 
on the short term, and certainly not for the individual 
producers of heat. However, municipalities, large 
energy companies, or governments interested in the 
long-term benefits of highly efficient energy facilities 
(for all fuels) can drive forward such infrastructure 
investments to the benefit of the whole community. 

When using flue gas condensation in combination 
with a standard heat and power-configured plant, the 
total increase in efficiency can be up to 80-85%-points, 
resulting in total energy recovery rates above 100% 
(based on lower heating value). 


Figure 19 illustrates the potential for flue gas con¬ 
densation: up to approximately 20 MJ/s additional heat 
output for a 90MWt plant. As can be seen, the output is 
very sensitive toward the district heating return water, 
since the water is used as the media to cool the flue gas 
below the dew point of 52-60°C. 

It is possible, and relatively common in Scandina¬ 
via, to incorporate absorption chillers to thus boost 
output of the flue gas condensation installation, if the 
district heat return temperature is high. 

Conclusions and Future Directions 

If a heat market exists or can be made available, 
waste-to-energy facilities can be a cheap source of 
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Waste-to-Energy for District Heating. Figure 17 

Generation of power, heat, and cooling: "tri-generation". Cooling provided by an absorption chiller 



Waste-to-Energy for District Heating. Figure 18 

Change in net electrical efficiency for a 100 MW WTE facility as a function of the supply temperature in the district heating 
network (Source: Ramboll calculations) 
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Typical output of direct flue gas condensation vs. return temperature, LHV 
and flue gas exit temperature from boiler (boiler fired energy=90MW). 



Waste-to-Energy for District Heating. Figure 19 

Additional heat output from flue gas condensation for a 90 MJ/s plant. The additional increase in total efficiency is in the 
range of 0-20% (Source: Ramboll calculations) 


heat - for example, the total energy recovery for 
“electricity-only” facilities of about 25% can be 
increased to 85-105% for combined heat and power 
installations. The loss in electrical efficiency by doing 
so is moderate: The electrical efficiency is reduced 
by only 3-6%-points. 

Furthermore, configuring a steam turbine for “heat 
and power” instead of “heat-only” generates heat with 
high efficiency: an “electricity-to-heat” ratio of up to 
almost 20! 

Even for smaller amounts of heat extraction from 
a waste plant, it is not uncommon to achieve an 
“electricity-to-heat” ratio of up to 10. Using such heat 
is particularly interesting given the fact that waste 
incineration continuously takes place mainly to reduce 
the mass and volume of (nonrecyclable) waste, and, 
hence, the alternative is to reject large amounts of 
heat in cooling installations with no real benefit. 
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Glossary 

Mass-burn incineration Mass-burn incineration is 
a waste treatment process used in many locations 
throughout the world that involves the combus¬ 
tion of unsorted, unprocessed mixed waste on 
a moving grate, generally with recovery of the 
heat generated. 

Municipal solid waste (MSW) MSW is all the 

garbage, including organics like grass and leaves, 
generated by households, commercial sites (restau¬ 
rants, stores, offices, etc.), and institutions (schools, 
museums, public parks, etc.). Materials such as 
packaging and office paper from small- to mid¬ 
size factories, called “light industrial sites,” are also 
part of this mix. 

Processed refuse fuel (PRF) PRF is a fuel created by 
the resource recovery system developed by Energy 
Answers International with minimum processing. 
Refuse-derived fuel (RDF) RDF is produced from 
MSW through a number of processes to meet 


requirements for particle size, moisture content 
and noncombustible content dictated by the ther¬ 
mal unit that will receive the RDF. At its simplest, 
MSW is shredded to a maximum particle size to 
produce RDF. More often, additional steps are 
taken to remove noncombustible materials and 
control the particle size. 

Renewable energy Renewable energy is energy gener¬ 
ated from fuel sources that can be replenished. 
Unlike fossil fuels, which are exhaustible, renewable 
energy sources regenerate and can be sustained 
indefinitely. The five renewable sources used most 
often are: Biomass - including wood and wood 
waste, municipal solid waste, landfill gas, and bio¬ 
gas, ethanol, and biodiesel; water (hydropower); 
geothermal; wind and solar. 

Sustainable energy Sustainable energy is energy that 
meets the needs of the present without compromis¬ 
ing the ability of future generations to meet their 
needs. Sustainable energy sources are most often 
regarded as including all renewable sources. 

Definition of Subject 

Combustion of municipal refuse to produce energy 
and recover recyclable materials is consistent with 
goals to diversify energy generation sources and 
implement sustainable and renewable options. Using 
waste as a fuel can decrease dependency on non- 
sustainable fossil fuels, such as coal, oil, and gas, and 
provide a consistent and reliable source of recyclable 
materials, as well as get rid of the waste and minimize 
landfilling. 

Processing the refuse to generate energy and recover 
materials before and after burning is an approach that 
has been provided as an alternative to mass-burn incin¬ 
eration. This alternative has been practiced as a parallel 
choice since the early 1970s, and, in many situations, 
has provided advantages in the form of increased 
energy production, lower landfill disposal require¬ 
ments, higher quality combustion residues with low 
unburned carbon content, complete combustion, 
cleaner gases going to the air quality control system, 
higher materials recovery rates, lower capital costs, and 
lower operating costs. 

With growing concerns related to greenhouse gas 
production, environmental impacts of landfills, and 
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dependency on foreign oil, as well as a shift toward 
renewable and diversified energy sources, processed 
refuse fuel technologies should see an increase in demand. 

Introduction 

Starting in the mid-1800s incinerators were used for 
the primary purpose of reducing waste volume. These 
incinerators, which burned the waste “as is” with no 
preprocessing, were widely used and were successful at 
reducing waste transport and disposal costs for 
densely populated urban areas. Numerous grate sys¬ 
tems were designed and installed to burn the waste 
and move the ash residue out of the incinerator for 
disposal. 

Early efforts to utilize the heat produced as motive 
force to operate in-plant equipment and to generate 
low-pressure steam for district heating or industry was 
the next step which began in many European locations. 
Urban areas in the USA, where land was becoming 
more valuable, followed suit as documented in the 
August 28, 1897 issue of the Scientific America Maga¬ 
zine featuring a heat recovery incinerator in operation 
in New York City producing electric power used for 
lighting the Williamsburg Bridge. However, despite 
waste volume reduction of up to 80%, energy recovery 
was an insignificant and inefficient part of the inciner¬ 
ation solution and, because incinerators were operated 
with virtually no air pollution control systems, they 
were a major contributor of poor air quality. 

Mass-burn incineration technology advanced in the 
mid-1900s with the addition of more efficient heat 
recovery units and, in some cases, equipment to recover 
a portion of the metals in the waste. 

An important milestone in waste management 
strategy for the USA was the passage of the Resource 
Conservation and Recovery Act (RCRA) in 1976. As 
stated in Section 1003, “The objectives of the Act are to 
promote the protection of health and the environment 
and to conserve valuable material and energy 
resources...” The National Policy is presented in Sec¬ 
tion 4001 as “... developing and encouraging methods 
for the disposal of solid waste which are environmen¬ 
tally sound and which maximize the utilization of 
valuable resources including energy and materials 
which are recoverable from solid waste and to encour¬ 
age resource conservation.” 


Another important milestone was the develop¬ 
ment of the Energy Policy and Conservation Act of 
1975. This Act called for actions to encourage the 
expansion of domestic energy sources. Conversion of 
municipal solid waste (MSW) to energy is a noted 
alternative. 

These government policies prompted regulatory 
agencies to demand closure of most of the old inciner¬ 
ators operating in the USA and required the addition of 
air pollution control systems on newer units. These 
policies also provided a strong foundation for advanc¬ 
ing the technologies to process refuse for improved 
recovery of materials and energy. 

With the world experiencing its first “energy crisis” 
in 1973, marked by the tripling of petroleum prices, 
a new opportunity for waste management engineers 
emerged. Waste, refuse, garbage, trash, etc., with a 
75% combustible fraction, represented a potential 
source of energy which engineers could look to recover 
and reduce the cost of disposal. This historical event 
began the change in the design objectives of waste 
management engineers from waste reduction with 
some energy recovery to maximum resource recovery 
and efficient energy generation. Waste was now 
starting to be viewed as a “resource” and alternative 
fuel source. 

Mass-Burn Incineration: Predominant Method for 
Waste Combustion 

Mass-Burn incineration systems are the predominant 
method for combusting waste to produce energy. Com¬ 
bustion systems designed to process waste into a fuel in 
order to maximize energy generation and materials 
recovery have a distinctively different design philoso¬ 
phy and use different equipment. A brief description of 
mass-burn incineration and some of the disadvantages 
of the technology provides a foundation and rationale 
for the processing of refuse to recover materials and 
energy from refuse. 

At a mass-burn incinerator, Municipal Solid 
Waste (MSW) is discharged from transfer vehicles 
or waste collection vehicles into a deep pit. There is 
no processing of the waste. Waste is removed from 
the pit by overhead crane and fed into hoppers 
which feed the furnace. Most of the time, the crane 
is used to mix the waste to try to obtain uniformity 
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of heating value, although this is somewhat difficult 
to do due to the distance from the crane cab to the 
waste itself. 

In order to ensure continuous operation, it is nec¬ 
essary to have two cranes, while only one at a time is 
used. Crane cable replacement is a continuing and 
significant source of maintenance cost (Fig. 1). 

The raw waste falls onto a traveling grate which is 
designed not only to move the waste from front to back 
(usually a distance of some 60 ft, divided into three 
20-foot-long grates with drops from one to the next), 
but also to tumble the material in order to provide 
oxygen necessary for combustion. The grate size is 
determined by the amount of heat release anticipated, 
commonly about 200,000 BTU per square foot of grate 
per hour. 

In order to facilitate movement of MSW through the 
furnace, the grate slopes downward from front to back 
such that the overall height of the grate is about 20 ft. 
This adds 20 ft to the overall height of the boiler house. 

Because there is no presorting of material being fed 
to the furnace, there is always the problem of pieces of 
metal, cables, water tanks, propane tanks, etc., being 
fed into the furnace. This creates a potential erosion 
problem and therefore the waterwalls of the furnace are 
covered with refractory linings to protect the tubes. 
This refractory lining is carried to a point very high in 
the furnace to avoid corrosion at the point where the 
refractory stops and bare tubes are exposed. The use of 
refractory causes slower and reduced heat transfer into 
the tubes while slag from melting glass and low melting 
point metals tends to build up on the refractory linings 
low in the furnace. Thus, on a regular basis, the boiler 
must be shut down and refractory either cleaned or 
replaced. 

As all the waste is burned on the grate, temperatures 
on the grate are above the melting point of glass such 
that clinkers are formed. On discharge from the fur¬ 
nace, the ash falls into a trough full of water where the 
clinkers shatter into small particles. These particles are 
amalgams of the noncombustibles originally fed into 
the furnace along with unburned material (carbon par¬ 
ticles). Appearing often in the ash from mass-burning 
units may be unburned items such as large telephone 
directories, layered floor polisher pads, watermelon 
and grapefruit rinds, and other dense organics and 
similar materials which do not burn well because the 


necessary combustion air cannot reach in between the 
layers of paper or cloth. Because large metal objects are 
in the ash, plugging of the ash discharge systems can 
occur. Although the removal of some ferrous metal 
from the ash is often easily accomplished with magnets, 
mechanical removal and recycling of other metals and 
valuable products is virtually impossible. The use of 
water quenching for the ash produces an alkaline solu¬ 
tion which generally must then be treated and 
neutralized. 

Early Efforts to Recover Materials and Energy 
from Processed Refuse 

Although mass-burn incinerators are viable methods 
for generating energy from waste, they are inherently 
inefficient for recovery of recyclable material. In the 
early 1970s technology emerged for processing waste 
to increase the recovery rates for energy and materials. 
Many of the early designs were flawed and were shut 
down but provide an understanding of the history and 
evolution of the technology which is currently 
implemented at the highly successful projects in oper¬ 
ation or in development in 2010. 

National Center for Resource Recovery (NCRR) 

In the early 1970s, one of the concepts promoted by the 
newly formed “environmental” movement in the United 
States was that beverage containers made from metals 
and glass should all be reusable, thus reducing the 
amounts of new glass and metal which would have to 
be produced to meet the needs of future consumers. 
Container manufacturers, however, had only recently 
discontinued the use of “refillables” and were concerned 
that the costs of collecting, separating, returning, steril¬ 
izing, and reusing of containers would be very high 
compared to the cost of new containers. The National 
Center for Resource Recovery (NCRR) was formed and 
financed by several container manufacturers, aiming to 
demonstrate that recyclable material could be recovered 
from MSW at a central processing station and that 
this material could then be used to manufacture new 
containers and would negate the need for returnable 
containers. 

Complications arose due to the fact that MSW 
contains not only containers but a wide variety of 
other waste materials including, but not necessarily 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 1 

Processed Refuse Fuel Combustion compared with Mass Burn Combustion. [Energy Answers International] 
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limited to, food waste, paper and cardboard, maga¬ 
zines, household chemicals, old clothes and rags, vari¬ 
ous plastic products (including containers), garden 
vegetation, trees and brush, flammable materials, sand 
and dirt, etc. What developed at NCRR was a series of 
systems and equipment aimed at separating not only 
containers, but also any other products which might be 
useful, including materials which might be used as fuel 
in place of coal or other fossil fuels, noncombustible 
materials (sand, grit, etc.), organic matter to create 
a soil conditioner; and valuable materials (metals, 
coins, jewelry, and the like). 

One of the products which the NCRR tried to create 
was a “Refuse-Derived Fuel” (RDF) which could be 
used in existing furnaces and boilers as a substitute 
for, or in combination with, coal, oil, or gas [ 1 ]. The 
first stage was to separate the light combustible mate¬ 
rial (paper and light plastics) from the non¬ 
combustible materials by chopping all of the material 
into smaller pieces in a shredder and then separating 
the light fraction from the heavier material by means of 
air currents. Unfortunately, less than half the material 
became “air-classified” light combustible material 
while the balance, over 50% of the incoming waste, 
was destined to be disposed of in landfill. A further 
problem that existed in the preparation of this “fluff” 
RDF was the inability of equipment to handle the rags 
and streamers that occurred in shredded MSW. Various 
systems for the separation of these materials were tried 
with little long-term success. 

Air-classified RDF did not prove to be a satisfactory 
fuel for use in facilities designed for fossil fuels. It was 
difficult to feed into the furnace, could cause fouling of 
flue gas paths, and, because of the high ground-glass 
content, significant slagging occurred on the grates and 
on the furnace walls. And because of the low density of 
the material, it was difficult and expensive to store and 
transport it. 

The idea of creating very dense “pellets” made from 
MSW was born to solve the problems inherent in fluff 
RDF. MSW was ground into extremely small particles 
and a binder was added to enable the material to be 
extruded into pellets. Although this solved the high 
costs of storage and transport, the cost of manufactur¬ 
ing the pellets could not compete with the cost of 
normal fossil fuels. A further disadvantage was that 
the material remaining after production of pellets, at 


least 40% of the original incoming waste, was sent to 
a landfill. 

Virtually all the systems developed at NCRR ulti¬ 
mately proved to be either technically impractical or 
economically unfeasible due to lack of markets capable 
of buying the recovered materials at a price necessary to 
cover NCRR’s costs. Despite the unsatisfactory eco¬ 
nomics of the processes developed at NCRR, the facility 
operated for several years until finally the backers of 
NCRR withdrew financing and the facility has been 
closed since the 1980s. 

Solid Waste Reduction Unit (SWARU) 

In 1968, the City of Hamilton, Ontario, Canada, 
retained Gordon L. Sutin and Associates Limited, Con¬ 
sulting Engineers, and Consoer Townsend Engineers to 
design an incinerator which would burn 600 t/day of 
MSW, including a portion of combustible demolition 
waste [2]. 

SWARU was designed with a radically different 
philosophy in comparison to the combustion facilities 
in operation. Instead of designing a facility for burning 
waste, it was determined that the facility would become 
a manufacturing plant in which the raw material, 
municipal solid waste and demolition material, would 
be processed to create a finished product, ash. It was 
recognized that there would be by-products in the form 
of heat and air emission and possibly contaminated 
water. When this hypothesis was considered, it became 
clear that the problem was not really a “combustion” 
problem but rather a problem of receiving a “diffkult- 
to-handle” raw material, feeding into a process for 
recovery of the heat generated in the combustion pro¬ 
cess, conversion to ash, removal of the finished product 
from the process, and control of air and water 
contamination. 

An obvious result was the recognition of the need to 
handle the raw material and the finished product by the 
most simple and well-proven method known - con¬ 
veyors. However, because of the nature of the raw 
material, movement on a conveyor reliably and without 
excessive belt damage could not be accomplished 
unless the waste could be converted to a more homo¬ 
geneous mixture. 

A literature search at the time indicated that only 
one large-scale, modern MSW combustion plant had 
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been built in Canada or the United States. The facility 
at the Norfolk Navy Base burned waste to generate 
steam but did not have any other recovery enhance¬ 
ment. However, many modern facilities had been built 
in Western Europe during the late 1950s and the 1960s 
that not only burned waste but also generated useful 
energy in the form of steam and/or electricity. 

An evaluation of installations and equipment in 
Western Europe confirmed that none of the facilities 
processed MSW before burning. All technologies in 
Europe at that time were based on “Mass-Burn” tech¬ 
niques where, apart from the removal of large objects, 
all the waste was burned as received. There were signif¬ 
icant components of the design which caused high cost 
and operational inefficiencies: 

1. The use of the crane as a method of delivering waste 
to the furnace was expensive and inefficient with 
backup operators and crane equipment on standby 
to ensure continuous operation 24 h/day, 7 days/ 
week. 

2. The crane was also used, ineffectively, to reposition 
waste in the pit and to mix wet and dry waste in 
order to maintain a uniform heating value. 

3. Despite the advantages of allowing for a large 
amount of waste to be stored in a small area with 
simplified odor control, the pit, which was in con¬ 
tinuous use, could rarely be cleaned. 

4. Different crane loads of waste had very different 
heating value and moisture content. Thus portions 
of the waste would burn more quickly than others 
and the result would be that where the waste had 
burned quickly, air flow through the grate to 
improve combustion and to cool the grate would 
be concentrated on those areas with the least resis¬ 
tance (where the waste had burned off quickly) 
while in other areas, there would not be enough 
air to support combustion. In these starved air 
areas, the waste would “cook” instead of burning, 
resulting in large clinkers and large percentages of 
unburned combustible materials. 

5. Dense objects such as telephone directories and 
layered floor polisher pads could not be completely 
burned because char on the outside would act as an 
insulator and would block the flow of air necessary 
to burn all the materials. Thus, the job of burning 
all combustible material was not completely 


achieved, resulting in high combustible content in 
the ashes. 

6. The temperature of the refractory linings would 
ultimately reach the melting point of glass, and 
glass in the waste would melt onto the linings, 
drip to the cooler bottom of the furnace, and 
harden on the refractory to form slag that needed 
to be removed on a regular basis using jackham¬ 
mers and other heavy equipment. 

7. Owing to the nature of the waste, a common occur¬ 
rence was the breaking of a grate bar due to jam¬ 
ming of small metal pieces between adjacent bars. 
Such a failure would result in burning material 
falling into the air hoppers beneath the grate and 
causing damage. 

8. Because many large metal objects (hot water 
tanks, bicycles, etc.) would often be fed to the 
furnaces by the crane, it was not uncommon for 
these objects to get caught at the discharge end 
of the grate just above the ash hopper. Thus, the 
ash would be restricted from entering the hop¬ 
per and major plug-ups could occur, requiring 
the unit to be shut down while the plug-up was 
cleared. 

9. The presence of large quantities of metals and other 
non-friable materials inevitably caused high wear 
on the drag chains used to remove the ash from the 
water-filled ash trough. Stretching and ultimate 
breaking of chain links caused jams of the equip¬ 
ment, necessitating repairs on an emergency basis. 
Further, it was noted that the wet ash systems used 
large quantities of water, and maintenance of work¬ 
able conditions for employees in the ash receiving 
room was very difficult due to high moisture 
conditions. 

As a result of the observations made of European 
equipment, it was determined that the design of the 
SWARU would not be based on the mass-burn tech¬ 
nology but rather would be a design which would 
eliminate, if possible, all the problems common to the 
mass-burn facilities. Thus, the aim was to avoid the 
following systems and methods: 

1. The use of cranes for moving waste from storage 
into the combustion system 

2. The use of highly complex mechanical grate 
systems 
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3. The use of refractory linings on the walls of the 
furnace 

4. Water quenching of the ash 

SWARU was the first successful waste combustion 
system that recovered materials and energy from 
processed refuse. The operation was purposely designed 
to be simple and avoid the problems associated with 
more complex RDF systems. 

• Instead of receiving and storing the incoming 
waste in a pit, the material was dumped on the 
floor of an enclosed building, examined so that 
undesirable objects could be removed before 
processing, and fed onto conveyors leading to the 
shredders. 

• The actual processing of the waste into fuel 
consisted only of manual removal of objects from 
the waste which might jam a shredder or conveyors, 
and then shredding the waste, creating a relatively 
uniform, homogenous “Processed Refuse Fuel.” 

• The PRF is fed by conveyor into chutes that open 
into the lower part of a Babcock and Wilcox 
spreader-stoker boiler, just above the grate [3]. At 
the bottom of the chutes are deflectors that divert 
the material upward and additional throw is pro¬ 
vided by a blast of air. The light materials, paper, 
plastic, textile, etc., catch fire in midair while the 
heavier material, glass, metal and chunks of wood 
and other combustibles are thrown to the back of 
the furnace where they land on the grate. The grate 
moves forward very slowly while air is blown 
through the grate to maintain temperatures below 
the melting point of glass. It takes about 1 h for the 
grate to move from back to front and on the last 
third of the grate, little burning is taking place but 
the ash is being cooled by the under-grate air. 

• As a result of the simple fuel preparation and the 
“suspension-fired” combustion system, the ash was 
shown to be almost completely free of unburned 
combustible material, less than 1 Vi% compared to 
up to 8% found in the mass-burn ash of the time. 
Buildup of slag was eliminated on the furnace walls; 
no water was used for removal of ash; and the grate 
material did not have to be manufactured from 
special metal alloys because the “hot spots” on the 
grate commonly experienced in mass-burn systems 
were not created. 


SWARU went online in 1972 and, after a period of 
operation, underwent substantial modification, then 
continued to operate for 30 years, when it was shut 
down due to changes in permissible emission limits 
and the costs associated with the required retrofits. 
This was the first “dedicated” RDF-firing plant, as 
distinguished from “co-firing” with coal [4, 5]. 

US Bureau of Mines 

In the 1970s, the United States Bureau of Mines con¬ 
centrated research on the recovery of materials in 
municipal waste - paper, cardboard, ferrous, alumi¬ 
num, and glass. The pilot research plant at College 
Park, Maryland, included a shredder (flail mill), trom¬ 
mel screen, air classifier, and metals recovery equip¬ 
ment that recovered materials from samples of 
municipal waste obtained from various parts of the 
country (Fig. 2). 

The next concept that arose was the use of RDF for 
co-firing in utility boilers. In 1974, St. Louis Electric 
took up this concept at their Merrimac Plant in Mis¬ 
souri [6, 7]. With funding from the US Environmental 
Protection Agency, a shredding plant was erected, 
with a system capable of feeding the RDF to the 
existing boilers. The EPA-sponsored research pro¬ 
gram analyzed the waste in detail, over the course of 
a year. The research program included sampling and 
analysis of the stack emissions while burning this fuel, 
co-fired with coal (Table 5). The RDF was able to 
supply 10-15% of the total energy input. After the 
trial runs, it was decided to install magnets after the 
shredding operation to recover ferrous material, which 
would cause problems in feeding of the fuel to the 
boilers. It was also decided to add a second stage of 
shredding to make the RDF more suitable for feeding 
to the boilers. 

Burning this low-sulfur RDF with coal significantly 
reduced the sulfur dioxide emissions, as expected. 
However, emissions from co-combustion included 
higher levels of heavy metals, such as lead and 
cadmium, than with firing only coal. The existing 
boilers were permitted for the emissions with coal 
firing: new compliance tests would be required for co¬ 
combustion. This would abrogate the “grandfathered” 
existing permits, which the utility was reluctant to do. 
Plans to build a processing facility taking waste from 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 2 

US Bureau of Mines System (From [1]) 


the surrounding community were made and presented In succeeding years, the US EPA sponsored extensive 
to the public. The public uproar convinced the utility research on shredding, screening and air classification of 
that this would damage its public image. RDF. Much of this work has been summarized in 
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Processing Refuse-Derived Fuel by Floyd Hasselriis, 
1983 [1]. 

Co-Firing Operations 

The City of Ames, Iowa, started up the second plant to 
process and burn its refuse in 1975 [8]. This plant 
employed two stages of shredding and an air classifier, 
and included a “silo” to store the RDF and feed it to the 
boiler, co-firing with coal. After a year of operation, it 
was decided to replace the air classifier with rotary 
screens made by Rader. 

Combustion Engineering proposed burning RDF 
in their “corner-fired” boilers in Madison, Wisconsin, 
and in Chicago, Illinois [8]. Americology designed the 
process with two-stage shredding and air classification: 
it was started up in 1974. A shredder explosion dam¬ 
aged the plant, resulting in isolating the primary shred¬ 
der in a concrete “cage.” The plant was shut down in 
1979. The City of Chicago designed a similar 
processing plant, which was started up in 1977. In 
this case, the RDF had to be conveyed the long distance 
from the plant to the boilers by pneumatically blowing 
it through 20-in. diameter pipes to the boilers. It was 
found that the blowers did not have sufficient capacity 
to convey the RDF without accumulating glassy sedi¬ 
ment in the pipes. 


A series of plants were designed for co-firing of 
RDF with coal, in Akron, Ohio; Columbus, Ohio; 
Madison, Wisconsin; Monroe County, New York; 
and Lakeland, Florida, but were shut down for var¬ 
ious economic, political, and technical reasons. The 
City of Columbus built a processing plant in 1982, to 
produce RDF to be burned in their municipal power 
plant. Co-firing the RDF with coal was not successful 
and high emission levels caused a shutdown of this 
facility. 

Northern States Power built a waste processing 
plant in Red Wing, Minnesota, in 1987 that employed 
two stages of shredding and a Rader disk screen. The 
RDF production facilities in Wilmarth, Minnesota, and 
Lacrosse, Wisconsin, are operating today. 

The difficulties of co-firing with coal contributed to 
the decision to build only “dedicated” boiler installa¬ 
tions [9]. Combustion Engineering promoted plants in 
Hartford, Connecticut; Detroit, Michigan; and Hono¬ 
lulu, Hawaii, in 1988, all based on two-stage shredding, 
magnetic separation and trommeling (Fig. 3). 

Albany NY Energy Recovery System (ANSWERS) 

The Albany NY Energy Recovery System (ANSWERS), 
which went online in 1981, was modeled after the 
Processed Refuse Fuel system at the SWARU in 


Fuel to 
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Combustion engineering systems (From [8]) 
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Hamilton, Ontario [2]. The ANSWERS process was 
divided into two sites. The City of Albany-owned site 
hosted a facility where waste was received and 
processed into Processed Refuse Fuel (PRF). At 
a second site, some 9 miles away, the PRF was burned 
to produce steam for the heating and cooling of State 
government office buildings in downtown Albany. The 
combustion facility was designed, owned, and operated 
by the State of New York Office of General Services, 
while the overall conceptual design of the entire system 
and the design and construction of the Processing 
Facility were by Smith and Mahoney, Engineers, of 
Albany, New York with Gordon Sutin acting as Techni¬ 
cal Advisor and consultant to Smith and Mahoney. The 
steam plant burned PRF for 15 years until it was closed 
in order to avoid capital expenditures needed to meet 
new, more stringent air pollution control regulations. 

As shown in Fig. 4, the municipal waste carters 
dumped their loads on the tipping floor. Front loaders 
moved the waste to the metal pan feed conveyors, 
where the waste was inspected and objectionable 
materials removed. The raw waste was then conveyed 
to the top of the shredders. Processing was done with 
two 1,000 HP diesel engine-driven shredders, in 
a single stage. After passing under magnets to remove 
ferrous material, the PRF was loaded into transfer 
trailers and shipped to the power plant where it was 
deposited into a pit for storage and feeding by crane to 
the boilers. 

ANSWERS demonstrated the versatility of processed 
refuse fuel systems when waste can be processed into fuel 
at one location (or several locations if necessary) and 
transported by truck (or rail) to a power plant in 
a different location. 

Bridgeport, Connecticut Eco-Fuel 

In 1986, Combustion Equipment Associates built a plant 
to process MSW into a powder, called EcoFuel, to be 
transported and stored in silos, for co-firing with coal or 
oil in cyclone-furnace utility boilers at United Illuminat¬ 
ing. The trash was shredded and ground in ball mills to 
a storable and retrievable powder. The process was dem¬ 
onstrated to be successful but could not compete with 
the low cost of landfills in the region. The project was 
shut down, as it was unable to contract with communi¬ 
ties for the project’s 2,300-t/day capacity [10]. 


The Southeastern Public Service Authority (SPSA) 

The Southeastern Public Service Authority in Ports¬ 
mouth, VA, built a facility in 1988 to produce RDF 
to be burned in the Naval Shipyard. This plant uses 
two-stage shredding, magnetic separation, and two 
stages of trommel screening to produce a fuel suitable 
for burning in the Navy boilers. Belt conveyors carry 
the fuel from the processing plant to the boilers where 
fuel feeders supply the fuel to the existing boilers 
(Table 1). 

Advanced Resource Recovery Facilities 

SEMASS Resource Recovery Facility 

The SEMASS (Southeastern Massachusetts) Resource 
Recovery Facility in Rochester, MA, was developed by 
Energy Answers [2] . Construction began in 1986 and the 
facility went online in 1989, accepting 2,000 t/day of solid 
waste from communities on Cape Cod and in the south¬ 
eastern section of Massachusetts. In 1996, SEMASS was 
expanded to 3,000 t/day with the addition of a third 
boiler, second turbine, and associated waste receiving, 
processing, and air quality control equipment. 

An aerial photo of the SEMASS Resource Recovery 
Facility plant is shown in Fig. 5. 

The first step takes place at the municipal level 
where residents participate in programs to reduce 
the amount of waste by recycling and composting. 
Whatever waste cannot be diverted through those pro¬ 
grams is delivered to SEMASS by packer trucks, trans¬ 
fer trailers, and rail cars (Figs. 6 and 7). 

After crossing the scales, waste is received on 
a tipping floor, where an attendant watches for unac¬ 
ceptable materials and either refuses them or sets them 
aside. Unacceptable items are such things as large rolls 
of carpet or wire fencing, tires, tree trunks, and similar 
items that should not be processed in the shredders. 
The waste is scanned for radioactive content or com¬ 
bustible potential (fireworks, propane tanks). It is then 
delivered by loaders to conveyors feeding shredders 
that reduce the material to pieces of nominal maxi¬ 
mum size of 15-20 cm. Most of the particles in the 
shredded waste are below 5 cm and friable materials 
such as glass are still smaller. A magnet removes 
ferrous material, which goes to metal scrap dealers. 
Although the Processed Refuse Fuel (PRF) is in fact 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 4 

(a) Refuse fuel processing facility, Albany New York; (b) Processed refuse-fuel combustion and power production facility, 
Albany, New York 
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Waste-to-Energy using Refuse-Derived Fuel. Table 1 Refuse processing power plants operating in the USA in 2007 

[ 11 , 12 ] 


Plant name and location 

Start date 

Capacity (t/day) 

Net power 

Ames Municipal Electric Utility, Ames, IA 

1975 

1 line at 175 = 175 tpd 

10 MW 

Mid-Connecticut Resource Recovery Facility, Hartford CT 

1987 

3 lines at 666 = 2,000 tpd 

68 MW 

Miami-Dade County RRF, Miami FL 

1979 

4 lines at 750 = 3,000 tpd 

77 MW 

Maine Energy Recovery Company, Biddeford, ME 

1987 

2 lines at 300 = 600 tpd 

22 MW 

Penobscot Energy Recovery Company, Penobscott, ME 

1988 

2 lines at 750 = 1,500 tpd 

25 MW 

SEMASS RRF, Rochester, MA 

1989 

3 lines at 900 = 2,700 tpd 

78 MW 

Great River Energy - Elk River, MN 

1989 

2 lines at 250 tpd 

1 at 500= 1,000 tpd 

35 MW 

Xcel Energy - Red Wing Steam Plant, Red Wing, MN 

1987 

2 lines at 360 = 720 tpd 

21 MW 

Xcel Energy - Wilmarth Plant, Mankato, MN 

1987 

2 lines at 360 = 720 tpd 

22 MW 

Southeastern Public Service Authority, Portsmouth, VA 

1988 

4 lines at 500 = 2,000 tpd 

50 MW 

Xcel Energy French Island, LaCrosse, Wl 

1987 

2 lines at 200 = 400 tpd 

32 MW 

North County Resource Recovery Facility - West Palm Beach, FL 

1989 

2 lines at 900 = 1,800 tpd 

62 MW 

Honolulu H-Power, Honolulu, HI 

1990 

2 lines at 925.5 = 1,851 tpd 

57 MW 

Greater Detroit Resource Recovery Facility, Detroit, IL 

1991 

3 lines at 944 tpd = 2,832 

68 MW 

Totals: 


21,298 tpd 

627 MW 



Waste-to-Energy using Refuse-Derived Fuel. Figure 5 

Aerial view of Southeast Massachusetts resource recovery facility (SEMASS) (© 2010 Energy Answers International, Inc) 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 6 

Processed refuse fuel in SEMASS storage building; front loader moving load to conveyor ((© 2010 Energy Answers 
International, Inc) 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 7 

SEMASS schematic process diagram (© 2010 Energy Answers International, Inc) 


a “Refuse-Derived Fuel” the name PRF has been 
adopted to distinguish it from other Refuse-Derived 
Fuels such as “fluff” and “pellets ” which require exten¬ 
sive processing of the waste compared to the two-step 
processing developed by Energy Answers. 

The PRF leaves the shredders and is conveyed to the 
boiler building. Here the boilers each draw off the 


quantities needed to maintain steady steam generation. 
The PRF is fed into automatically controlled feed sys¬ 
tems that blow the PRF into the furnace section of 
waterwall boilers. The steam produced drives the elec¬ 
tric generators in the conventional power plant. Excess 
PRF is conveyed back to the storage floor, from which 
the loaders retrieve fuel as needed when the processing 
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floor is not operating, such as at night and on 
weekends. 

Heavy materials drop onto a simple horizontal 
moving grate at the bottom of the furnace. The mate¬ 
rial on the grate consists of noncombustibles such as 
metal, glass, ceramic, and sand combined with small 
pieces of heavier combustible materials such as wood. 
The grate moves from back to front of the furnace over 
a 1-h period with a 20-30 cm deep bed on top. For the 
first 2/3 of the 6-m long grate, the heavy combustible 
materials burn on the grate. The grate temperatures are 
kept below the melting point of glass to avoid slag 
formation. Because of the long period allowed for the 
combustibles on the grate to burn, this “bottom ash” 
contains less than Vi% carbon. 

The lighter materials in the PRF go upward in the 
furnace and catch fire in midair forming a high- 
temperature “fireball” a few meters above the grate 
[3]. In this location, because of the ease with which 
the fuel can intermix with air, the amount of excess air 
which must be injected to complete combustion is 
a reduced and thus temperatures up to 1,250°C are 
reached. The reduced amount of excess air results in 
maximum thermal efficiency and therefore more elec¬ 
tricity is generated per ton of waste than would nor¬ 
mally be the case in a mass-burn system. 

Bottom ash and fly ash are handled separately, so 
the fly ash can be treated to minimize the potential for 
leaching of heavy metals such as cadmium and lead. 
The bottom ash, which is generally granular in form, is 
discharged from the boiler without quenching in water, 
and is transported to the on-site Bottom Ash 
Processing Building. In this building, three products 
are recovered: the ferrous metals not removed prior to 
combustion, the nonferrous metals, and the Boiler 
Aggregate™, a granular material which can be 
substituted for natural aggregates used for landfill 
daily cover and as an ingredient in asphalt and con¬ 
crete. The nonferrous metals are sold to a dealer who 
separates the contents of the mix, and the ferrous 
metals are sold to scrap dealers. 

Because the heavy metals concentrate in the fly ash, 
the flyash needs to be conditioned with water as it is 
discharged from the silo into trucks for delivery to the 
landfill. Within 24 h the conditioned flyash hardens 
into a concrete-like material which, although not 
high-strength, does not absorb water. Testing of the 


conditioned flyash using state-mandated procedures 
indicates that the heavy metals are permanently 
bound and will not leach. 

The SEMASS facility is provided with state-of-the- 
art acid-gas scrubbers [24]. The first two boiler units 
have electrostatic precipitators (ESPs) of a size greatly 
increased compared with previous units. The third 
boiler was installed using fabric filter emission controls. 
This facility has emissions well below US EPA stan¬ 
dards, and even below standards of the European 
Union (see Table 3). 

Palm Beach Florida Resource Recovery Facility 

Babcock and Wilcox designed the boilers used for ded¬ 
icated combustion of RDF produced in Biddeford, 
Maine, and Oronton, Maine, in 1987 and 1988, and 
later in Palm Beach, Florida, in 1989. The Palm Beach 
facility is another example of large-scale successful 
operation of an RDF combustion facility. 

A model of the complete facility in Palm Beach is 
shown in Fig. 8. Municipal solid waste trucks enter the 
tipping floor and dump their loads on the floor. Front- 
loaders move the waste either directly to a metal pan 
feed conveyor, or to storage on the floor for later 
feeding. The loader operators inspect the waste as it is 
received, diverting over-size objects to a separate area, 
for recycling or disposal to landfill. The loaders feed the 
waste materials continuously, one bucket-load at 
a time, and deposit it onto feed conveyors. The front- 
loader operators in effect feed the conveyor as empty 
conveyor space appears, so that the feed is essentially 
steady. Shredders operate most efficiently and effec¬ 
tively at a full loading of the drive motor. Typically 
shredders are provided with 1,000 hp motors. The 
operators in the control room control the speed of 
these conveyors, so that the rate of feed is adjusted to 
the capacity of the shredders. Storage capacity is pro¬ 
vided on the tipping floor as needed to handle the waste 
received at peak rates during the day while it is removed 
for processing at a steady rate. 

The Palm Beach Facility has three shredders serving 
two basic processing lines. The feed conveyors are 
located in open space, rising to the shredder feed open¬ 
ing, and taking material out of the bottom of the 
shredder, again rising to feed the trommels, and again 
rising to feed the trommel screens. The RDF is then 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 8 

Palm Beach resource recovery facility [13] 



Waste-to-Energy using Refuse-Derived Fuel. Figure 9 

Processing with flail mill before screening and shredding, Palm Beach [13] 


w 


carried by conveyors directly to the boilers or bypassed 
to a storage floor for future feeding to the boilers. 
Storage capacity is needed so that the boilers can oper¬ 
ate 24 h/day, weekdays and weekends, and also to allow 
for shutdown of boilers, preferably one at a time. 


RDF is produced using two-stage shredding and 
trommel screens, as shown in Fig. 9. 

A flail mill is used to break the bags of refuse, 
avoiding excessive grinding of glass. A magnetic separa¬ 
tor placed above a conveyor removes ferrous material, 
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especially cans, which are baled for shipment to metals 
recovery plants. The coarsely shredded waste is then 
screened by a trommel in two stages; the minus-1-1/2 
fraction which contains broken glass, dirt, and miscel¬ 
laneous fines, drops to an air density separator which 
blows light materials such as paper off the surface while 
the heavies pass through the screen and are removed as 
heavies to the landfill. Minus-6-in. holes pass aluminum 
and remaining steel cans, which are baled for shipment 
to recovery plants. The plus-6-in. material is then fed to 
a hammer mill shredder, which grinds the paper, card¬ 
board, plastics and wood. The last operation is the disk 
screen that passes minus-6 in. material joining the 
screened lights to become the “prepared fuel” or RDF 
product that is conveyed to the storage room for feeding 
to the boilers. 

Three shredding lines serve the plant, two having 
a capacity of 100 t/h. The raw MSW enters the flail mill, 
and passes under a belt magnet. The collected ferrous 
metal is then shredded, passing a second magnet that 
returns the entrained matter to the conveyor, while the 
ferrous material is air scrubbed to produce 5 t/h of 
clean ferrous material. 

The two-stage trommel drops the minus 1.5-in. 
material to an air density separator to produce 10 t/h 
of residue that goes to landfill. In this screening oper¬ 
ation about 1.3 t/h of moisture is lost to the atmo¬ 
sphere. The RDF from the air density separator, air 
classifier, and disk screen is collected to produce an 
output of 83 t/h that is fed either directly to the boilers 
or stored on the tipping room floor. Typically, 0.7 t/h of 
aluminum is recovered. A shear shredder is shown, 
reducing tires to a size that can be burned in the boilers 
along with the RDF. The trommel removes the plus-2 
in. material that is recycled to the shear shredder 
(Fig. 10). 

The RDF is stored in a separate building, as 
shown in Fig. 11, from which it is loaded by front- 
loaders to the conveyors feeding the boilers. Shown 
are the RDF feeders that deliver to each of the 
boilers at speeds controlled by the operators in the 
control room. Figure 11 shows the boiler, the dry 
scrubbers and fabric filters followed by the induced- 
draft fans which discharge the combustion gases to the 
stacks. 

The RDF feed system in front of the boiler is shown 
in Fig. 11. The feed conveyor delivers the RDF to the 


feed bin. A ram feeder pushes the feed onto the feed 
conveyor, which in turn carries the feed up and over to 
the drop chute after which it feeds the air-swept spout 
which injects it into the boiler (Fig. 12). 

The air-swept spout is shown in Fig. 13. The RDF is 
directed over the traveling grate stoker upon which 
some of it is burned directly, and above which much 
of it is burned in suspension. 

The ash residues are carried back to the ash hopper. 
Under-grate air supplies a portion of the combustion 
air. Secondary air (not shown) is supplied above the 
stoker. 

Figure 13 shows the design of the Babcock and 
Wilcox combustion chamber above the firing grate. 
Overfire air is supplied at high pressure and passes 
through nozzles that direct the air so that turbulence 
is created in the combustion space, achieving effective 
mixing of fuel and air. The furnace walls are composed 
of alloy-faced or composite tubing that resists the 
intense heat and radiation and delivers the heat to the 
boiling water, to be released as steam. Figure 14 shows 
tubing which is used by Babcock and Wilcox, wherein 
the carbon steel core tubes are coated with stainless 
alloy in their manufacturing process. Some boiler man¬ 
ufacturers use solid alloy tubes, or apply the heat- 
resistant alloy coating after manufacture of the panels 
of tubes, and replace or restore the coatings periodically 
during annual shutdowns. 

Ravenna, Italy Fluidized Bed System 

The City of Ravenna, Italy, a seaport on the Adriatic, in 
1998 commissioned a fluidized bed boiler/waste-to- 
energy system to combust approximately 50,000 t/ 
year of RDF and generate electric power. The chosen 
site for a plant to convert this waste to energy is close to 
a landfill, whereas the RDF production plant is 26 km 
away. It was decided to pelletize the RDF to facilitate 
transportation by truck. In order to employ a pelletizer, 
it is necessary to process the MSW by shredding and 
screening the product. The processing of waste includes 
material sizing by shredding to size, followed by mag¬ 
netic separation. The final waste stream is compressed 
through roller mill/punched grate to create a relatively 
“densified” fuel stream. The fluidized bed boiler system 
was designed to deliver about 70,000 lb/h of steam to 
generate approximately 7 MW of electricity [13]. 
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Aluminum RDF to storage or 

0.7 t/h directly to boiler 

(0.6 tj h) feed system 


Waste-to-Energy using Refuse-Derived Fuel. Figure 10 

Mass balance of waste in complete RDF processing system, 

Equipment Description The combustor/boiler flue 
gas train is shown in Fig. 15. Processed fuel is delivered 
to a dual screw-metering bin located adjacent to and 
elevated above the fluidized bed chamber. The metered 


Palm Beach [13] 

fuel flows by gravity to the inlet of an air-swept spreader 
stoker centered on the narrow walls of the fluidized bed. 
Pulsating sweep air from the forced-draff fan disperses 
the fuel across the 20-ft span of the combustor. 


w 





















































11804 


w 


Waste-to-Energy using Refuse-Derived Fuel 



Waste-to-Energy using Refuse-Derived Fuel. Figure 11 

Perspective drawing of complete RDF system with dry scrubber and fabric filter 


From RDF 
feed system 

I I 



Waste-to-Energy using Refuse-Derived Fuel. Figure 12 

RDF feeding system [13] 


The fluid bed combustor is comprised of an inter¬ 
nally insulated and refractor lined chamber having 
internal dimensions of approximately 10' x 20' and 
a height of approximately 42 ft. The bottom of the 
combustor is equipped with a pair of draw-down 
cones that comprise the patented and proprietary bed 
cleaning system that is the trademark of EA Technology. 
Fluidizing air from the FD fan is distributed through¬ 
out the combustor by a series of manifolds and nozzles 
that distribute the air uniformly. In addition to the 
underfire air, a pair of overfire air manifolds supplies 
and distributes the balance of the combustion air into 
the lower region of the vapor space. The 52 ft elevation 
above the fluidizing nozzle provide 4 s of residence time 
within the chamber with approximately 2.5 s of that 
after the second level of overfire air injections. 

The furnace is designed to operate at about 50% 
excess air, sufficient to control combustor temperature 
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Overfire 

air 


Waste-to-Energy using Refuse-Derived Fuel. Figure 13 

Elevation of lower section of boiler [13] 



Waste-to-Energy using Refuse-Derived Fuel. Figure 14 

Cross section of Babcock and Wilcox boiler tubes in 
waterwalls [13] 

suppression: heat removal tubes provide the additional 
cooling effect for the gases to exit the furnace at about 
1,700°F before entering the convective screen section 
where they are reduced to nearly 1,300°F before entering 


the superheater. Further steam production occurs in the 
final evaporator section designed to reduce the flue gas 
temperature out the boiler to 650° F (342°C). 

Exiting the boiler the flue gases are cleaned of some 
particulate by a set of multicyclones. After the econo¬ 
mizer the gases are reduced to about 325°F (162°C) 
while heating feedwater to around 390°F (199°C). The 
boiler is designed to generate 75,000 lb/h of steam at 
595 psia and 716°F (41 bars, 380°C). 

Emission Control Downstream of the boiler, partic¬ 
ulate levels are controlled by a venturi reactor and bag 
house. The venturi reactor is a dry scrubber that incor¬ 
porates a solid recirculation system, which optimizes 
the reactant equalization ratio. Hydrated lime and acti¬ 
vated carbon are added as needed to reduce the acid 
gases and minimize dioxin/furan emissions. The flue 
gases at 300° F then enter a wet scrubber where they are 
quenched to 130°F. A solution of NaOH is sprayed into 
the flue gas prior to a series of demisters for final 
removal of any remaining acid gases and other soluble 
components of the gases. Prior to exiting the system 
through the induced-draft fan, the exhaust gases are 
reheated to 239°F (115°C). This comprehensive 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 15 

Process flow schematic of Ravenna fluidized bed system firing refuse-derived fuel [15] 



emission control system reduces emission levels well 
below the already stringent requirements of the Italian 
government [15]. 

Alliance, Ohio RDF Facility 

A “greenfield” RDF facility in Alliance, Ohio, will pro¬ 
cess 2,400 t/day (TPD) of MSW and Construction and 
Demolition Debris (C&D). Two equipment trains to 
thermally process the material will consist of Riley 
Power’s Advanced Stoker boiler, Turbosorb dry scrub¬ 
ber and the Regenerative Selective Catalytic Reduction 
(RSCR) nitrogen oxides (NO x ) control system. The 
boiler/emission control system is shown in Fig. 16 [ 16] . 

The Riley Advanced Stoker boiler has unique 
design features to ensure high efficiency, corrosion 
resistance, and fuel flexibility. The use of the Turbosorb 
will result in lower emissions of lead and other volatile 
heavy metals and mercury than a typical spray 


dryer/baghouse (Spray Dryer Absorber) system can 
achieve. Acid gas removal is also superior to an SDA 
system while utilizing less lime reagent and power. 
A Riley Selective Catalyst Remover (RSCR) follows 
the Turbosorb and baghouse as a “low-dust” Selective 
Catalytic Remover, having an auxiliary energy con¬ 
sumption about 85% lower than a typical low-dust, 
tail-end SCR. The RSCR reduces nitrogen oxides 
(NO x ) and carbon monoxide (CO) emissions to 
lower values compared with previous facilities produc¬ 
ing energy from waste. This versatile system is capable 
of controlling emissions from combustion of commer¬ 
cial and demolition wastes (C&D) as well as refuse- 
derived fuel (RDF) from municipal waste. 

The RDF and C&D conveyed to two Riley boilers 
and associated steam turbines will produce a total of 66 
MW gross, which results in approximately 58 MW net 
electric power. At maximum continuous rating (MCR), 
83,333 lb/h of RDF and C&D will be sent to each boiler. 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 16 

Alliance Ohio boiler and AQC equipment [16] 


The design higher heating value of the fuels is 4,500 
BTU/lb for the RDF and 5,681 BTU/lb for the C8cD, 
combined at 50%. 

Figure 17 shows the Riley Advanced Stoker Boiler 
with a modular boiler bank, which replaces the con¬ 
ventional boiler bank. This design allows the evapora¬ 
tors to be shop assembled, resulting in fewer field 
execution hours. 

ATurbosorp Dry Circulating Fluidized-Bed Scrub¬ 
ber (Fig. 18) removes acid gases from the boiler flue gas 
using lime injection. It is followed by a fabric filter 
(baghouse), which controls particulate emissions. Acti¬ 
vated carbon injection is used to remove heavy metals, 
including mercury, as well as dioxins/furans. The flue 
gases enter a central pipe, rise to the top and then fall 
down through the annular outer pipe. This arrange¬ 
ment is very compact compared with the spray-dry 
scrubbers commonly in use. 

The benefits of the Turbosorb technology over the 
spray dryer absorber (SDA) used heretofore include: 

• Lower lime stoichiometry for the same removal 
efficiency and approach temperature. 

• Higher removal efficiencies for acid gases, i.e., 95% 
or greater plus removal of sulfur trioxide (S0 3 ) 
sulfuric acid (H 2 S0 4 ), hydrochloric acid (HC1) 
and hydrofluoric acid (HF), mercury, particulates, 
and dioxin/furans. 

• Reduced power consumption since slurry atomiza¬ 
tion is not used. 


• Simpler system with less maintenance since it 
uses dry lime, without the need for slurry 
handling. 

The Turbosorp dry scrubbing technology employs 
high levels of solid circulation, with addition of finely 
atomized water, hydrated lime, and flue gas within the 
circulating bed reactor. The lime and finely atomized 
water are injected independently into the Turboreactor 
to lower flue gas temperature and enhance absorption 
capacity. The fluidized bed material is comprised of 
solids, including calcium hydroxide, recirculated flyash 
from the combustion process, and solid reaction prod¬ 
ucts for the fabric filter. 

Turbulent flow within the reactor permits intimate 
contact between the gas and the reagents promoting the 
chemical reaction between the gas and the active por¬ 
tions of the reagent. A portion of the solids is drawn out 
of the system and recirculated to maintain mass equi¬ 
librium. Provision to inject activated carbon into the 
gas stream will be made, but may not be required to 
achieve the emissions limits. 

The Regenerative Selective Catalytic Reduction 
(RSCR) system shown in Fig. 19 is an advanced high- 
efficiency NO x reduction system. Since the flue gas 
temperature is too low for the SCR catalyst to function 
efficiently, the RSCR temporarily elevates the flue gas 
temperature to the optimum level while using minimal 
auxiliary fuel, allowing NO x reduction efficiencies 
greater than 70% to be achieved. 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 17 

Riley Power Inc. advanced stoker boiler [17] 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 18 

Turbosorp and fabric filter filtration gas scrubbing system [17] 


The RSCR device is a multi-chamber vessel, each 
chamber containing catalyst and ceramic beds [17]. 
Each chamber is arranged for vertical flow of gas in 
both the upward and downward direction. Dampers in 
the gas ductwork control the direction of gas flow. The 
catalyst mounted directly above the ceramic beds pro¬ 
motes the reduction of NO x to nitrogen and water, 
while the ceramic bed is used to recover heat from the 
processed flue gas. The active reagent used for this 
process is 19% aqueous ammonia. 

Flue gas enters an inlet header that connects to the 
four reaction canisters. At any time, one inlet duct and 
one outlet duct on each pair of canisters is open, 
and one of each is closed. Flue gas enters one canister 
and rises through a heat recovery medium, picking up 
heat to attain the proper temperature for NO x removal 
(about 600°F). It then enters the catalyst, causing NO x 
to be converted to nitrogen and water. After passing 
through the first catalyst, a small quantity of natural gas 
is combusted to raise the temperature of the flue gas by 


about 10°F. The gas then turns and goes down through 
the second canister, first passing through the catalyst, 
causing additional NO x to be removed, then through 
the heat recovery medium, where the heat in the flue 
gas is transferred back to the medium. The gas then 
exits through the outlet header to the stack. 

About every 3 min, the inlet and outlet dampers 
switch positions, reversing the flow. The flue gas picks 
up heat from the now heated side and gives up the heat 
to the cooler side. This process cools the gas to approx¬ 
imately 280°F before exiting to the stack. 

Fairfield Renewable Energy Power Plant 

Energy Answers International is developing a renewable 
energy power plant on an industrial-zoned site on Fair- 
field Peninsula in Baltimore, Maryland. The 140 MW 
combined heat and power plant is designed to provide 
wholesale energy to help meet regional demands, as well 
as reduced-price retail energy as an attraction for energy 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 19 

Regenerative selective catalytic reduction (RSCR) nitrogen oxides (NO x ) system [18] 


intensive industries to co-locate at an Eco-Industrial Park 
to be developed on the 90-acre “brownfield” site. The 
waste-derived fuel will be processed at various other sites 
and transported to the plant. 

Processing Equipment 

Typical equipment, common to RDF production, is 
described below. 

Shredders for Size Reduction 

Figures 20-22 show the typical shredders employed in 
RDF processing: shear shredders, flail mills, and ham¬ 
mer mills [1]. 


The flail mill has simple swinging hammers that 
reduce the size of bulky boxes, cardboard, and other 
materials, breaking bottles into large shards as the 
material is smashed onto the heavy steel table. 

The shear shredder consists of counter-rotating 
wheels having knives or cutters that shear the mate¬ 
rials as they are caught in the gap between the 
wheels. Hydraulic drives are used, so that when 
jams occur, the rotor can be stopped and started 
again to complete the grinding process. These 
machines are especially suited to processing tires, 
but also to screening RDF. The spacing of the wheels 
and the gap between the drums determines the size 
of the product. 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 20 

Shear shredder 



Waste-to-Energy using Refuse-Derived Fuel. Figure 21 
Flail mill 


A typical hammer mill has hammers mounted on 
the shaft, free to swing as they pass over grates on 
a quadrant of the circular shell. The hammers break 
the material by impact, and then force it through the 
grates as it is reduced in size. Material that is not 


shredded on the first pass circulates around until it 
can pass the grates. The spacing of the grates deter¬ 
mines the size of the product. The rate of wear on the 
hammers is such that they have to be reversed or 
replaced periodically, typically on weekend downtime. 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 22 
Hammer mill 


Magnets for Ferrous Recovery 

Magnets are universally employed to separate ferrous 
metals from a stream of shredded refuse. 

Figure 23 shows a typical Eriez magnet suspended 
above a belt conveyor. The magnet has a transverse belt 
that carries the collected metal away from the conveyor 
belt to a collection bin. An air density separator is 
employed to clean off entrained light material and 
return it to the RDF conveyor. 

Screens Used in Resource Recovery 

A variety of screens are used in RDF processing as 
shown in Fig. 24 - (a) vibrating flat, (b) vibrating 
double flat, (c) inclined flat, (d) disk, (e and f) rotary 
or trommel. Screens typically separate materials of 
smaller size from the mass passing over the screen, the 
size determined by the diameter of the hole, or the area 
of the passage. Rotary screens, called trommels, are 
especially suited to the operation, since the material is 


tumbled over the screen, exposing new material on 
every revolution. 

Flat screens generally provide a vibratory or shaking 
motion, to assist the material in falling through the 
apertures in the screen. A flat screen, which incorpo¬ 
rates an upward air flow, is shown in Fig. 25. This 
provides effective separation of light material from 
the heavy residue. 

The Jeffrey Rader screen shown in Fig. 26 has rotat¬ 
ing wheels provided with cutters: the spacing of the 
cutter drums and the gap between the opposing drums 
determines the size of the material that can pass 
through the screen. 

Conveyors for Movement of Materials 

Belt conveyors are the most common devices used for 
carrying RDF from one operation to another. The belts 
are carried on idler rolls, and are driven by a head 
pulley. Drop-off of material from one conveyor to 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 23 

Horizontal magnet used for ferrous recovery (Eriez) 



Waste-to-Energy using Refuse-Derived Fuel. Figure 24 

Screens 



Waste-to-Energy using Refuse-Derived Fuel. Figure 25 

Flat screen with upward air flow 


another is a source of dusting and linting within the 
processing areas. Suitable covers must be used, and 
often a dust-collecting system is provided, which 
returns the dust to the processing line. 

Belt conveyors are generally troughed to minimize 
fall-off of material. The slope of belt conveyors is 


limited to about 30°, so that material will not fall 
back (Fig. 27). 

Vibrating-pan conveyors are employed with heavy 
or dense residual materials, including broken glass and 
combustion ash residues. Figure 28 shows the princi¬ 
ples of operation. The movement “B” causes a rise and 
fall of the pan. The particles are suspended and fall back 
in a different place on the pan, progressing the material 
along. The oscillating drive forces movement over iso¬ 
lation springs, which are tuned to the natural frequency 
of the pans. 

Steel Pan Conveyors 

Pan conveyors as seen in Fig. 29 are used to handle raw 
municipal waste and other solid materials. The pans are 
hinged, and connected to steel rollers carried on tracks. 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 26 

Rotating disk screen for separating materials by size (Jeffrey Rader) 



Waste-to-Energy using Refuse-Derived Fuel. Figure 27 

Belt conveyor for moving light materials (typical) 


Air Quality Control Equipment 

Early Systems with Electrostatic Precipitators 

The complete boiler and emission control system typ¬ 
ical of early installations is shown in Fig. 30. A feed 
cyclone is shown, which drops the RDF into the air- 
swept spout onto the stoker. The boiler furnace has the 
rectangular shape commonly used in coal and wood 
stokers at the time. A “nose” deflects the gases into the 
top of the chamber where they enter the economizer. 
Next the gases pass through the convector section of the 
boiler where most of the steam is generated before 
passing through the superheater. An economizer is 
shown, cooling the gases before entering the electro¬ 
static precipitator (ESP). The economizer heats the 
boiler feedwater before it enters the convection section 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 28 

Vibrating conveyors used to move heavy materials such as ash residues [1] 



Waste-to-Energy using Refuse-Derived Fuel. Figure 29 

Steel pan conveyor used for handling raw MSW 


of the boiler. An air heater is shown, below the ESP. 
This preheats the combustion air, as needed to assist 
in driving off moisture in the RDF as it is fed to the 
stoker. 


Contemporary Systems with Scrubber and Baghouse 


Scrubbers and fabric filters, “baghouses,” have replaced 
electrostatic precipitators in contemporary waste-to- 
energy plants. Dry scrubbers are commonly used to 
capture sulfuric acid and hydrochloric acid from emis¬ 
sions from waste-burning systems. Figure 31 shows flue 
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Waste-to-Energy using Refuse-Derived Fuel. Figure 30 

Early Babcock and Wilcox RDF-fired stoker boiler with electrostatic precipitator 


gases entering a spray-dryer tower within which 
a solution of caustic solution of lime, prepared by 
dissolving calcium oxide (CaO) in water, is atomized 
and sprayed into the gas stream passing through the 
tower. The scrubber functions by using the temperature 
potential of the entering gases (typically above 400°F) 
to evaporate the water in the droplets of lime, resulting 
in drying of the droplets while absorbing the acids, 
leaving the spray dryer at a temperature of about 
350°F. The lime has reacted with the acids, producing 


calcium sulfate and calcium chloride as dry products 
that are collected by the fabric filter. Particulate matter 
(flyash or dust) entering with the combustion gases is 
also collected. Compressed air is used to loosen the 
dust from the surface of the fabric so the dry particulate 
and lime reactants will drop to the bottom of the filter 
housing, where they are released through a rotary 
sealing valve. This product must be “conditioned” by 
adding water in order to make “dust free” handling 
possible. The presence of free lime in the collected dust 
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helps to reduce or eliminate the toxicity of this product 
by forming compounds insoluble in water, reducing 
their environmental hazard. 

Figure 32 shows the present technology of Babcock 
and Wilcox - a RDF-fired stoker boiler with dry 


Spray dryer 



Waste-to-Energy using Refuse-Derived Fuel. Figure 31 

Spray-dry acid gas absorber tower 


scrubber and fabric filter. The economizer and air 
heater are in a downward pass, and the gases enter the 
acid gas scrubber tangentially, leaving at the bottom as 
they enter the baghouse before the induced draft (I.D.) 
fan discharging to the stack. 

Comparing Emissions of RDF Systems with those of 
Mass-Burn Facilities 

The final emissions that exit the stack are a direct result 
of the operational efficiencies of the project and the air 
quality control equipment in place. All waste combus¬ 
tion facilities can operate in compliance with permit 
limits by employing advanced control technology and 
operating efficiently. 

A major difference related to air quality control 
equipment in a processed-fuel facility and a mass- 
burn incineration system is the amount of air and 
gases that are generated and therefore need to be 
cleaned. 

A Mass-Burn incinerator requires significantly 
more air to combust the waste in the boiler. This air 
then must pass through the air quality control equip¬ 
ment. It has a larger air volume hence requires larger 



grate stoker 

Waste-to-Energy using Refuse-Derived Fuel. Figure 32 

Babcock and Wilcox RDF-fired stoker boiler with dry scrubber and fabric filter [13] 
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equipment with greater cost. Considering that the air 
quality control equipment is one of the largest expenses 
related to either technology, this can be a significant 
consideration in the technology choice. 

Table 2 compares air emissions data from RDF and 
Mass-Burn combustion facilities. The RDF facilities 
show generally lower emissions of nitrogen oxides 
(NO x ) than do the typical mass-burn facilities, proba¬ 
bly the result of more effective control of secondary air 
resulting in lower peak combustion temperatures. Car¬ 
bon monoxide readings of the RDF facilities are higher, 
but this does not mean that trace organic emissions are 
high, as indicated by the extremely low PCDD/PCDF 
(dioxin) emissions measured. These were well below 
the European Union standard for dioxins. The mass- 
burn facilities as well as the RDF facilities today rou¬ 
tinely employ activated carbon injection before the 
fabric filter to remove mercury, resulting in removing 
the dioxins before the gases leave the stack. 

Table 3 shows the air quality test results for Boiler 
#3 at the SEMASS Resource Recovery Facility which 
has a scrubber and baghouse. The SEMASS current 
permit limits and MACT standards are provided for 
comparison. 


In all tests, actual emissions were far below SEMASS 
permit limits, and the current MACT standards. . Note 
that these are the standards set forth in 40 CFR Part 60, 
Subpart Eb for new RDF-fired Municipal Waste Com¬ 
bustors. All emission standards and test results are 
corrected to 7% 0 2 , dry basis, and standard conditions 
(68°F and 1 atm). 

Properties of Municipal Waste and Processed 
Refuse Fuel 

The organic content of these fuels is “renewable” in the 
sense that most of it is produced from organic sources, 
trees, food, gas, and oil. Placing wastes in a landfill is 
not “renewable” but rather represents a waste of 
resources that could replace oil, coal, and gas in the 
production of energy for heating and for power 
production. 

Energy from the sun is renewable, and sustainable. 
Likewise, organic material grown under the sun is 
renewable. Once this material is grown, it is wasteful 
not to use it, as distinguished from use of non- 
sustainable renewable fuels such as coal, oil, and gas 
recovered from the ground. 


Waste-to-Energy using Refuse-Derived Fuel. Table 2 Comparison of air emissions from RDF and mass-burn 
facilities [13] 




RDF 

Mass 



MERC a 

Mid- 

Bridgeport 0 

Bristol 

Stanislaus 01 


Facility 

Biddeford 

ME 

Conn b Hartford 
CT 

Bridgeport 

CT 

Bristol 

CT 

Stanislaus Country 
CA 

Pollutant 

Units @ 12% C0 2 

NO x 

ppmd v 

202 

190 

225 

280 

300 e 

CO 

ppmd v 

83 

192 

23 

19 

43 

voc 

ppmd v 

<1 

<1 

<2 

<2 

4 

so 2 

ppmd v 

5 

4 

9 

13 

3 

HCL 

ppmdv 

10 

2 

6 

8 

2 

Particulate 

gr/DSCF 

0.008 

0.006 

0.001 

0.005 

0.004 

PCDD/PCDF 

ng/NM 3 (USEPA Toxic Eq.) 

0.04 

<0.03 

0.015 

0.09 

0.06 


a [19] 

b [20] 

c [21] 

d [22] 

e Stanislaus Country NO x emission without thermal DeNO x system in operation 



















Waste-to-Energy using Refuse-Derived Fuel. Table 3 Air emission test results of SEMASS Boiler No. 3 (1994 through 2008) (©2010 Energy Answers 
International, Inc) 
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The combustible content of raw MSW is about 
70%. Typical noncombustibles are moisture, which 
may be 10% or more and ash, typically 20%. The 
moisture and ash-free heating value is about 9,000 
Btu/lb, which can be compared with coal at about 
12,000 Btu/lb, and oil having about 19,000 Btu/lb. 

Table 4 shows typical constituents of MSW and 
their individual contributions to heating value. Multi¬ 
plied by the mass percentage, the contribution of each 
constituent to the total heating value of the waste is 
obtained. The total is found to be 5,019 Btu/lb, which is 
fairly typical of contemporary waste, before recycling. 
The moisture-and-ash-free heating value is found to be 
9,069 Btu/lb, which may be compared with coal, as 
received, at 9,000-12,000 Btu/lb. Recycling removes 
glass and metals, which do not contribute energy. 
Removing paper and plastics by recycling, to the extent 
practical, may actually result in a product with rela¬ 
tively higher heating value as fed to the boiler. 

Analysis 

The properties of MSW vary significantly, unlike those 
of fossil fuels. The properties of RDF are less variable 
due to processing and the inherent reduction in mois¬ 
ture. Table 5 shows the degree of variation of average 
daily values of RDF measured as it was sent from the 
storage bin to the boilers at the RDF plant owned by the 
City of Ames. Volatiles and fixed carbon amount to 
about 50%, with 23% moisture and 17.4% ash. The 
ultimate analysis was 30.9% carbon, 4.8% hydrogen, 
and 22.9% oxygen. The coefficient of variation, the 
percentage of the standard deviation to the mean, 
gives the best indication of property variation. Ash 
fusion temperatures, expressed in degrees Fahrenheit, 
give a useful indication of the temperatures at which 
the ash fuses, hence tends to form slag on the surfaces of 
the boilers. The Ames data indicates that fusion takes 
place at temperatures higher than about 1,100-1,200° F. 
Present-day furnaces are generally designed to cool the 
combustion gases to 1,000-1,400° F before the gases 
pass through the superheater tube passages where slag¬ 
ging is most likely to be a problem. 

Table 6 gives a comparison of typical “reference” 
values of the composition and the characteristics of 
MSW and RDF, based on data obtained from operation 
of the Palm Beach RDF facility. Processing increases the 


heating value from 4,720 Btu/lb for MSW to 5,500 Btu/lb 
for RDF. Also important is the “yield” or fuel energy 
recovery, which is shown to be 83% for the RDF and 
96% for the MSW. 

Determining the Heating Value of MSW or RDF 

The heating value of the MSW or RDF to be used to 
generate heat or power is essential to the calculation of 
the design and performance of the plant [1]. The 
heating value (HV) may be determined by (Table 7): 

• Boiler as calorimeter: The boiler must be fully 
instrumented so that the heat liberated by the com¬ 
bustion, measured by steam generation, and the 
weights of feed and ash residues can be measured 
accurately, taking into account moisture added and 
lost. The ASME Boiler Code may be used for this 
determination. 

• Laboratory calorimeter: The standard laboratory 
oxygen-bomb calorimeter can accept 1 g of milled 
refuse. Larger bomb calorimeters accept 2.5 g. The 
National Bureau of Standards (NBS) has developed 
a large flow calorimeter that can take 2.5 kg 
samples, permit heating value determinations of 
coarsely shredded MSW or RDL (see ASTM E-38 
on Resource Recovery). 

• Calculate heating value from ultimate chemical 
analysis. The weight component of each chemical 
component is multiplied by its heat of reaction and 
summed to obtain the total heating value. 

The higher heating value (HHV) is the amount of 
heat that would be recovered by a boiler if the boiler 
condensed the water vapor in the combustion prod¬ 
ucts. However, this is not generally the case, in reality, 
so the HHV is fictitious, although it is commonly used 
in the USA. Thus: 

HHV = 14,447 (carbon) + 60,958 (Hydrogen- 
oxygen/8) + 33,980 (sulfur) + 1,040 (nitrogen), Btu/lb 
The oxygen content is divided by 8 and 
subtracted from the hydrogen in order to take into 
account the portion of the hydrogen that has already 
reacted with oxygen and hence does not contribute 
heating value. It is convenient to rewrite this equa¬ 
tion as follows: 

HHV (Btu/lb) = 144.5 (%C) + 609.6 (%H) - 76.2 
(%Q) + 40 (%S) + 10 (%N) 


w 
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Waste-to-Energy using Refuse-Derived Fuel. Table 4 Conversion of constituents to heating value by data [1, 23] 


Conversion of constituents to heating value by data analysis 3 

As-received analysis Products Ultimate analysis 

Constituent Wt% % MC %ASH Btu/lb Wt x Btu WtxMC WtxAsh C H O N S 


Newspaper 

10.33 

6.0 

1.4 

7,974 

824 

0.62 

14.8 

49.1 

6.1 

43.0 

0.05 

0.16 

Brown paper 

6.12 

5.8 

1.0 

7,256 

444 

0.35 

6.2 

44.9 

6.1 

47.8 

0 

0.11 

Magazine 

7.48 

4.1 

22.5 

5,254 

393 

0.31 

168.0 

32.9 

5.0 

38.6 

0.07 

0.09 

Corrugated 

25.68 

5.2 

5.1 

7,043 

1,809 

1.34 

130.0 

43.7 

5.7 

44.9 

0.09 

0.21 

Plastic 

coated 

0.84 

4.7 

2.6 

7,341 

62 

0.04 

2.2 

45.3 

6.2 

45.5 

0.18 

0.08 

Waxed milk 

cartons 

0.74 

3.5 

1.2 

11,327 

95 

0.03 

1.0 

59.2 

9.3 

30.1 

0.12 

0.10 

Paper 

cartons 

2.27 

6.1 

6.5 

7,258 

165 

0.14 

41.8 

44.7 

6.1 

41.9 

0.15 

0.16 

Junk mail 

3.03 

4.6 

13.1 

6,088 

184 

0.14 

40.0 

37.9 

5.4 

42.7 

0.17 

0.09 

Tissue paper 

2.18 

7.0 

0.9 

7,000 

153 

0.15 

19.6 

43.6 

6.1 

49.0 

0.16 

0.14 

Food wastes 

2.52 

78.3 

1.1 

1,795 

45 

1.97 

2.7 

49.0 

6.6 

37.6 

1.7 

0.20 

Citrus rinds 

1.68 

78.7 

0.7 

1,707 

29 

1.32 

1.2 

48.0 

5.7 

41.7 

1.1 

0.12 

Cooked 

meats 

2.52 

38.7 

3.1 

7,623 

192 

0.97 

7.8 

59.6 

9.5 

24.7 

1.0 

0.19 

Fried fats 

2.52 



16,466 

415 



73.1 

12.0 

14.3 

0.4 

0.07 

Leather 

0.42 

7.5 

21.2 

7,243 

30 

0.03 

8.9 

42.0 

5.3 

22.8 

6.0 

1.0 

Rubber 

0.42 

1.2 

29.7 

10,900 

46 

0.01 

12.5 

53.2 

7.1 

7.8 

0.5 

1.3 

Plastics 

0.84 



15,910 

134 



78.0 

9.0 

13.0 



% Combustible 69.60 

HHV = 

5019 



i 

41.7 

5.8 

27.6 

2.8 

0.25 

% Moisture in combustibles: 

7.42 






% Ash in combustibles: 

13.2 






HHV by ultimate analysis: 

Ultimate 

analysis 

= 79.4% = 


41.7 

5.8 

27.6 

2.8 

0.25 

HHV of 
elements 

= 


145 

609 

-76 

40 

10 

HHV xWt.% 

= 7,595.5 = 


6,046 

3,532 

2,097 

112 

2.5 

HHV3(MAF) 

= 7,596/(1-0.132) 

= 8,751 Btu/lb 






HHV by components: 

HHV1 (as 
received) 

= 5,019/(0.696) 

= 7,201 Btu/lb 






HHV2 (dry) 

= 7,201/(1-0.074) 

= 7,776 Btu/lb 






HHV3 (MAF) 

= 7,201/(1-0.074- 
0.132) 

= 9,069 Btu/lb 
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Waste-to-Energy using Refuse-Derived Fuel. Table 5 Variability of daily values of characteristics of RDF - Ames Iowa [8] 


Characteristic (%) 

X 

Variability (about mean at 95% 
confidence coefficient) (=t) 

S x standard 
deviation 

Coefficient of 
variation (%) 

Heating value (kv/kg) 

13.050 

590 

1021.6 

7.8 

Bulk density (kg/m 3 ) 

157 

10.5 

18.1 

14.1 

Proximate analysis (%) 

Moisture 

23.0 

2.4 

4.2 

18.3 

Ash 

17.4 

1.8 

3.2 

18.3 

Volatile 

54.6 

2.1 

3.7 

6.8 

Fixed carbon 

4.95 

1.4 

2.4 

48.6 

Ultimate analysis (%) 

Carbon 

30.9 

1.3 

2.2 

7.2 

Hydrogen 

4.8 

0.2 

0.3 

6.8 

Oxygen 

22.9 

2.3 

3.9 

17.1 

Sulfur 

0.43 

0.1 

0.2 

44.8 

Chlorine 

0.24 

0.06 

0.11 

45.1 

Nitrogen 

0.42 

0.06 

0.11 

25.4 

Ash analysis (%) 

Si0 2 

48.19 

2.3 

4.1 

8.4 

ai 2 o 3 

11.75 

1.3 

2.3 

19.5 

Fe 2 0 3 

4.3 

7.7 

1.3 

31.0 

Ti0 2 

1.45 

0.15 

0.26 

17.74 

P 2 0 5 

0.79 

0.16 

0.28 

34.9 

CaO 

12.71 

0.93 

1.7 

12.7 

MgO 

2.38 

0.18 

0.31 

13.1 

Na 2 0 

4.37 

0.35 

0.60 

13.7 

K 2 0 

1.8 

0.14 

0.24 

13.6 

Ash fusion (°C) 

Reducing atom osp he re 

Initial deform 

1,106 

72 

42 

3.8 

Softening 

1,143 

31 

18 

1.6 

Hemispherical 

1,158 

41 

24 

2.0 

Fluidization 

1,177 

65 

37 

3.2 

Oxidizing atmosphere 

Initial deform 

1,149 

41 

23 

2.0 

Softening 

1,165 

50 

29 

2.5 

Hemispherical 

1,181 

64 

37 

3.1 

Fluidization 

1,197 

79 

46 

3.8 


w 
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Waste-to-Energy using Refuse-Derived Fuel. Table 5 (Continued) 


Characteristic (%) 

X 

Variability (about mean at 95% 
confidence coefficient) (±) 

S x standard 
deviation 

Coefficient of 
variation (%) 

Particle size 

Geometric mean (mm) 

12 

1.2 

1.4 

13.0 


Waste-to-Energy using Refuse-Derived Fuel. Table 6 

Typical Reference values of Refuse [13] 



Reference 


MSW (% by wt) 

RDF (% by wt) 

Component analysis 

Corrugated board 

5.53 

- 

Newspaper 

17.39 

- 

Magazines 

3.49 

- 

Other paper 

19.72 

- 

Plastics 

7.34 

- 

Rubber, leather 

1.97 

- 

Wood 

0.84 

- 

Textiles 

3.11 

- 

Yard waste 

1.12 

- 

Food waste 

3.76 

- 

Mixed combustibles 

17.75 

- 

Ferrous 

5.50 

- 

Aluminum 

0.50 

- 

Other nonferrous 

0.32 

- 

Glass 

7 7.66 

- 

Total 

100.00 


Ultimate analysis 

Carbon 

26.65 

31.00 

Hydrogen 

3.61 

4.17 

Sulfur 

0.17 

(Max. 0.30) 

0.19 

(Max. 0.36) 

Nitrogen 

0.46 

0.49 

Oxygen 

19.61 

22.72 

Chlorine 

0.55 

(Max. 1.00) 

0.66 

(Max. 1.20) 

Water 

25.30 

27.14 


Waste-to-Energy using Refuse-Derived Fuel. Table 6 
(Continued) 


Reference 

MSW (% by wt) 

RDF (% by wt) 

Ash 

23.65 

13.63 

Total 

100.00 

100.00 

Heating value 

4,720 Btu/lb 
(10,979 kJ/kg) 

5,500 Btu/lb 
(12,793 kJ/kg) 

Fuel value recovery 
(% MSW) 

96 


Mass yield (%RDF/MSW) 

83 



HHV (MJ/kg) = 0.336 C + 1.418 H - 0.148 O + 
0.094 S + 0.059 N 

As-Received, Dry and Moisture and Ash-Free 
Heating Values 

• As-received heating value: 

HHV1 = HHV3 x (1 - (ash fraction) - (mois¬ 
ture fraction)) 

• Dry heating value: HHV2 = HHV3 x (1 — (ash 
fraction)) 

• Moisture and ash-free heating value: 

HHV3 = (HHV1/(1 - AF-MF) = HHV2/(1 -AF) 

Air Required for Combustion 

The air required for complete combustion of the com¬ 
bustible components of MSW or RDF can be calculated 
from the chemical equations, heat release and atomic 
weights of the components, expressed in pounds of air 
per million Btu of heat released by dividing by the 
HHV, as follows: 

Theoretical air (TA) = {138.17 (C/12 + H/4 — 0.32 + 
S/32 + N/28) x 10E 6 }/HHV, lb/million Btu 
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Waste-to-Energy using Refuse-Derived Fuel. Table 7 Calculation of air required for combustion of RDF [1] 


Component 

% Wt 

X 

Heat release 

= 

HHV 

% Wt 

X 

Factor 

AIR 

Carbon 

26 

X 

144.47 

= 

3,756.22 

26 

X 

11.51 

299.26 

Hydrogen 

3.8 

X 

609.58 

= 

2,316.40 

3.8 

X 

34.5 

131.1 

Oxygen 

21.21 

X 

-76.2 

= 

- 

21.21 

X 

-4.31 

-91.63 

Sulfur 

0.18 

X 

39.82 

= 

7.17 

0.18 

X 

4.32 

9.78 

Nitrogen 

0.53 

X 

10.5 

= 

5.57 





Chlorine 

0.18 









Nitrogen 

0.4 









Moisture 

26.54 









Ash 

21.7 









Totals: 

100 

HHV = 

4,469.15 Btu/lb 




348.51 


This form may be more convenient to use: 

Theoretical air (TA) = {[11.51 (%C) + 34.5 (%H) — 
4.32 (%0) + 4.3 (%S)] x 10 6 }/HHV 

It is convenient to use a tabular form to make these 
calculations, as follows, using typical values for weight 
percentages. 

The value of theoretical air per unit of heat released 
by combustion, determined in this manner from chem¬ 
ical analysis of samples of MSW and RDF, appears to be 
independent of the nature of the waste, hence may be 
used with confidence in estimates of combustion air 
requirements. 

Theoretical air (TA) = {348.5 x 10 4 }/4,469.15 = 760 
lb air per million Btu 

Lower Heating Value. While the HHV is commonly 
used in the US, in other countries the lower heating 
value (LHV) is used. It can be calculated from the 
higher heating value (HHV) by subtracting the latent 
heat of evaporation of the water in the products of 
combustion. This water includes the water content 
of the fuel and the water produced by the combustion 
of hydrogen: 

LHV = 144.5 (%C) + 609 (%H) - 76 (%0) + 40 
(%S) + 10 (%N) - 10.5 (%H 2 0) 

The water produced by the combustion of hydro¬ 
gen is nine times the weight of hydrogen in the fuel 
[(16 + 2)12 - 9]. The hydrogen in the fuel is known 
from the ultimate analysis. For refuse fuels, the 


hydrogen is about 7.5% of the combustible matter. 
The latent heat at atmospheric pressure is 1,040 Btu/lb. 

Loss of heating value due to not condensing water 
vapor = 7.5 x 9 x 10.50 = 712 Btu/lb combustible. 

Power Production from Refuse Fuel 

The energy yield of the Processed Refuse Fuel (PRF) 
process employed at the SEMASS Resource Recovery 
Facility would be expected to be higher, closer to the 
mass-burn yield. The simpler SEMASS process, with 
minimal processing, has only one stage of shredding 
and therefore uses less electric power and is simpler to 
operate and maintain. The SEMASS process has 
a higher overall plant efficiency than one burning 
more highly processed refuse, since some combustible 
material is lost due to the additional processing. RDF 
plants may be expected to have a higher thermal effi¬ 
ciency since the moisture content of the fuel is greatly 
reduced below that as received from the refuse trucks. 
The power used for shredding directly reduces the 
moisture content, hence is not wasted. 

Other factors, such as the amount of excess air 
required and the steam pressures and temperatures at 
which the boiler generates the steam, make it difficult 
to compare the two approaches to processing munici¬ 
pal waste. The kilowatt-hours produced per ton of 
waste taken into the plant is the most telling ratio 
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Power produced per ton of waste (MW/TPD) 


used in evaluating overall performance. This ratio 
varies throughout the year, since it depends on the 
heating value of the waste. A comparison between 
RDF and MSW facilities has been made using the 
design rating, nominal tons per day, at standard refer¬ 
ence values of heating value, listed in Table 6. This is 
shown graphically in Fig. 33. 

Future Directions 

The technology for processing MSW and commercial 
waste to recover materials and generate energy has 
evolved since the 1970s and, 40 years later, is positioned 
to help achieve national and international goals of 
greenhouse-gas reduction and renewable energy gener¬ 
ation. Concerns related to off-shore drilling, coal min¬ 
ing, foreign oil sources, nuclear waste disposal, and 
environmental contamination from landfills have 
forced a rethinking of waste as a viable fuel source. 

One ton of fuel created from waste can produce the 
same amount of energy as 1 t of coal or a barrel of oil. 
“Replacing just 10% of the coal used to generate elec¬ 
tricity in the United States in 2007 with RDF would 
create a potential demand for 225 million tons of RDF - 
significantly more than might be available if all the 
waste currently destined for landfills were diverted for 
RDF processing” [23]. 
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When I was asked by the Editor of the Encyclopedia of 
Sustainability Science and Technology, to put together 
a section on the role of waste-to-energy, I agreed to do 
it because the subject of resource recovery from the 
discards of society is an essential part of what the 
United Nations has defined as “sustainable develop¬ 
ment” Prior to the second half of the twentieth century, 
the consumption of materials and energy by humanity 
was a small fraction of what it is today. An example of 
the rapid growth in consumption is the use of copper, 
a metal that has been known since the beginning of 
history: A 1995 study by the author showed that more 
copper was consumed between 1945 and 1995 than in 
the preceding six millennia (Fig. 1). 

Technology has made possible this rapid economic 
development and, also, the accompanying degradation 
of the global environment and the loss of innumerable 


species. However, in many cases technology has also 
helped immeasurably in mitigating or slowing down 
the adverse effects of economic development. On 
the basis of my studies and those of my graduate 
students in the past 15 years, I am convinced that 
waste-to-energy technology is definitely one of those 
bright spots where technology and ecology are not 
adversaries. 

As noted in the excellent essay by William 
Ophuls “Plato’s Revenge” (MIT Press 2011), there 
are similarities between the present age and that of 
the conquistadores: Scientists and engineers invent 
ways for producing the goods and arms that mer¬ 
chants and soldiers use to dominate markets and 
nations. 

A very clear case of what can be called ecological 
imperialism is the massive transformation of greenfields 
to landfills. In the past, landfills were located in, or near, 
urban centers so there was a good reason for cities to 
manage their wastes and try to conserve land. In recent 
times, some cities, such as New York, have run out of 
landfill space and transport their wastes hundreds of 
kilometers away to mega-landfills. This is made possible 
by waste transfer stations, diesel trucks, and other tech¬ 
nological equipment and, also, by the fact that cities are 
generally more affluent than the communities where the 
mega-landfills are created. 

Fortunately, in the last 50 years, engineers have 
developed an alternative to landfills: waste-to-energy 
power plants that can be built within or near cities 
and transform the non-recycled residues of society to 
electricity, heat, and metals. Closing the materials 
loop in this way is a good example of industrial 
ecology using technology that mimics the age-long 
ecological cycle. 

In developing the waste-to-energy (WTE) section 
of this Encyclopedia, the editor invited specified 
contributions from some of the most knowledgeable 
and prominent scientists and engineers in the area of 
integrated waste management. 

- The essay by Johannes Martin and Ralf Koralewska 
of Martin GmbH (Germany) (► Martin Waste-to- 
Energy Technology) describes one of the oldest and 
constantly developing WTE technologies that is 
used in hundreds of plants in Europe, Asia, and 
North America. 
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Copper consumption in the twentieth century 


- Craig Kedrowski and Peter Chromec of AE&E 
Inc. (USA) discuss the VonRoll grate combustion 
technology that is also used extensively throughout 
the world (►Hitachi Zosen Inova Technology). 
Both of the above technologies are based on the 
combustion of as-received municipal solid wastes 
(MSW) on a moving grate. 

- Pat Mahoney of International EnergyAnswers 
Corp. (USA) and Floyd Hasselriis of Hasselriis 
Associates (USA) describe technologies that process 
the MSW mechanically before it is fed to the com¬ 
bustion chamber (► Waste-to-Energy using 
Refuse-Derived Fuel). Such technologies are called 
refuse-derived fuel (RDF) processes. 

- The third largest waste-to-energy technology is flu¬ 
idized bed combustion, discussed by Franz P. 
Neubacher (► Waste-to-Energy: Fluidized Bed 
Technology), author of the book Waste-to-Energy 
in Austria. 

- Processes developed in Japan for converting MSW 
to gaseous or liquid fuels are the subject of the essay 
by Kunio Yoshikawa of the Tokyo Institute of Tech¬ 
nology (► Gasification and Liquefaction Alterna¬ 
tives to Incineration in Japan). 

- The description of various WTE technologies is 
completed by the essay of Nickolas Themelis of 


Columbia University and Armelle Vardelle of the 
University of Limoges that discusses thermal 
plasma-assisted WTE processes (► Plasma-Assisted 
Waste-to-Energy Processes). 

The transport and reaction phenomena in the com¬ 
bustion chamber are dealt with by J. Swithenbank 
and V.N. Sharifi of Shefield University (UK), the 
most prominent experimental group on WTE 
(► Incinerator Grate Combustion Phenomena). 
The very important role of WTE facilities as power 
generators is treated by M.A.J. (Marcel) van Berio of 
the Free University of Amsterdam and co-developer 
of the highly efficient WTE plant of AEB 
Amsterdam (NL) (►Waste-to-Energy Facilities as 
Power Plants). 

Increasing the thermal efficiency of WTE facilities 
by using the “waste” stream for district heating 
(► Waste-to-Energy for District Heating), as prac¬ 
ticed extensively in Denmark and some other 
nations in northern Europe, is discussed by Lasse 
Tobiasen and Bettina Kamuk of Ramboll Energy 
(Denmark). 

Dieter O. Reimann of the Confederation of European 
WTE plants reviews the material and energy balances 
in WTE facilities and the energy-production perfor¬ 
mance of European waste-to-energy plants 
(►Waste-to-Energy: Energy Resource in Solid 
Wastes). 

The beneficial use of WTE ash in Europe (WTE 
Ash Management in Europe) is discussed by Jurgen 
Vehlow of Karlsruhe Research Center (Germany) 
and in North America (WTE Ash Management in 
United States) by Floyd Hasselriis of Hasselriis 
Associates. 

Bernd Bilitewski and Christoph Wiinsch of the 
Technical University of Dresden (Germany) 
describe the essential role of WTE in reducing 
greenhouse gas emissions (GHG) (► Greenhouse 
Gas Emission Reduction by Waste-to -Energy). 

The essay of Brian Bahor and Michael Van Brunt of 
Covanta Energy (USA) examines how integrated 
waste management can be part of the solution to 
the emerging crises of climate change and inadequate 
supply of renewable energy for future generations 
(► Waste Management for Sustainable Society). 

An LCA comparison of the environmental 
impacts of WTE to sanitary landfilling (LFGTE) 
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is presented in the essay by P. Ozge Kaplan, 
Joseph F. DeCarolis, and Morton A. Barlaz of 
North Carolina State University (USA), the fore¬ 
most US research group on sanitary landfilling 
(► Life Cycle Comparison of Waste-to-Energy to 
Sanitary Landfill). 

- Helmut Rechberger of Vienna University of Tech¬ 
nology (Austria) shows how WTE decreases the 
entropy of solid wastes and increases metals 
recycling (►Waste-to-Energy: Decreasing the 
Entropy of Solid Wastes and Increasing Metal 
Recovery). Paul H. Brunner, also of Vienna Univer¬ 
sity of Technology and winner of Columbia’s 2006 
WTERT Award, completes this extraordinary 
collection of essays, by explaining why thermal 
treatment of solid wastes is a key element 
of sustainable waste management (► Thermal 
Treatment of Waste: Key Element for Sustainable 
Waste Management). 

I am grateful to all the authors for their contribu¬ 
tions to this section. In the rest of this introductory 
entry, I will take the opportunity to summarize my own 
understanding of “sustainable waste management” and 
waste-to-energy, as derived from several dozens of 
studies and graduate theses sponsored by the Earth 
Engineering Center of Columbia University (EEC; 
www.eecny.org) and the Waste to Energy Research 
and Technology Council (WTERT; www.wtert.org), 
both headquartered at Columbia University. 

Winner of Cofumbia/WTERT 2006 Industry 
Award: ASM Brescia, Italy 


Municipal Solid Wastes (MSW) 

Most of the solid wastes can be classified into municipal 
(residential and commercial), industrial, construction 
and demolition, and agricultural wastes. Municipal 


solid wastes (MSW) are the most heterogeneous since 
they consist of the residues of everything used by 
humanity: food and plant wastes, used furniture, 
papers, plastics, fabrics, leather, metals, glass, and 
other materials. 

Composition and Heating Value of MSW 

The composition of MSW varies somewhat from 
urban to rural settings and also from country to coun¬ 
try. Table 1 shows a typical composition of MSW in 
a US city. The largest constituent is paper; other low- 
moisture organic materials are plastics, textiles, rub¬ 
ber, leather, and wood. These materials can be called 
“dry combustibles,” in distinction to the “wet com¬ 
bustibles” of food, plants, and other wastes that may 
contain up to 70% water. The “noncombustible” 
wastes are metal, glass, and other inorganic com¬ 
pounds. Large items such as appliances and furni¬ 
ture can be broken down to recyclable metal or 
combustible wood and plastics. Hazardous wastes, 
such as paints, oils, and chemicals constitute only 
0.4% of the total waste stream and are handled 
separately. 

On the basis of the chemical composition of each 
material in Table 1 and the atomic weights of their 
chemical elements, Themelis et al. (2002) [1] showed 
that the chemical formula C 6 H 10 O 4 most closely 
approximated the mix of organic compounds in 
MSW. This formula corresponds to that of about ten 
organic compounds, such as adipic acid and ethylene 
glycol diacetate, whose heat of formation is 
about —960 kj/mol (Roinen 1999). Using this value, the 
combustion of the C 6 H 10 O 4 “compound” can be 
represented by the chemical equation 

C 6 Hi 0 O 4 T 6.5O2 = 6CO2 T 5H2O 

The above reaction is highly exothermic and at the 
reaction temperature of 1,000°C generates about 
2.7 MJ/mol. Since the gram mol weight of C 6 H 10 O 4 is 
0.146 kg, the “theoretical” heat of oxidation of the 
combustible components of MSW, that is, excluding 
moisture and inorganic materials, is calculated to be 
18.5 MJ/kg. In the actual case where moisture and 
inorganic compounds are present, the average heat 
content of MSW in E.U. is about 10 MJ/kg. In terms 
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New York City MSW 


Waste component 

% weight 

Paper (31.3%) 

Corrugated cardboard 

4.7 

Newspapers 

9.2 

All other paper 

17.4 

Plastics (8.8%) 

HDPE (clear and colour) 

1.1 

Films and bags 

4.8 

PET 

0.5 

Polypropylene, polystyrene 

0.9 

PVC 

0.1 

All other plastics 

1.4 

Wood 

2.2 

Textiles 

4.7 

Rubber and leather 

0.2 

Fines 

2.3 

Other combustibles 

2.3 

Food waste 

12.7 

Grass/leaves 

3.4 

Brush/prunings/stumps 

0.7 

Disposable diapers 

3.4 

Miscellaneous organics 

7.8 

Glass 

5.0 

Clear glass containers 

2.9 

All other glass 

2.1 

Aluminium 

0.9 

Ferrous metal 

3.9 

Hazardous waste 

0.4 

Bulk Items (appliances, furniture, etc) 

5.0 


of power generation potential, this value corresponds 
to 2.86 MWh of chemical energy per ton of typical 
MSW. 

The effect of various waste materials and mois¬ 
ture on the heating value of MSW is illustrated 
in Fig. 2. 


Chlorine Concentration in MSW 

A troublesome element in MSW is chlorine because of 
its corrosive effect on boiler tubes. Table 2 shows that 
MSW contains much more chlorine than coal. This 
obliges WTE power plants to operate at lower steam 
temperatures and thus thermal efficiencies than coal 
fired plants. 

The contribution of the various components of 
a typical US MSW to its chlorine concentration is 
shown in Table 3. 

Waste Reduction 

Economic development and prosperity are accompa¬ 
nied by the generation of more solid wastes per capita. 
The generation of wastes can be reduced to some extent 
by improved design of products and packaging mate¬ 
rials, for example, by increasing intensity of service per 
unit mass of material used. However, the major factor 
is culture and lifestyle, as indicated by the fact that 
US citizens generate twice as much solid waste 
per capita, as northern Europeans and Japanese who 
live just as well. However, even in material-thrifty 
countries, there remains a large amount of solid wastes 
to be taken care of. 

Collection and Processing or Disposal of MSW 

Sustainable management of municipal solid wastes 
(MSW) requires that every possible effort be made to 
separate recyclable or compostable materials from the 
MSW stream. Experience has shown that it is best for 
these materials to be separated at the source, that is, at 
households, businesses, and institutions. The cost of 
source separation is then shared by the citizens 
(in terms of time and effort to sort out the recyclables) 
and the municipality (in terms of separate collection 
vehicles and processing systems). 

Recycling 

A 2009 study by Columbia University for Recycle 
America (USA) showed that it is environmentally and 
economically better to have a “single stream” rather 
than “multiple stream” collection of paper, metals, 
and designated plastic and glass materials. The single 
stream of recyclables is then collected by the munici¬ 
pality or a private company and brought to a Materials 
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Waste-to-Energy, Introduction. Figure 2 

Effect of constituents and moisture on calorific value of MSW [1] 


Waste-to-Energy, Introduction. Table 2 Chlorine concentration in MSW and in coal 



New York City MSW 

US typical MSW 

UK typical MSW 

US coals, range 

Total Cl, g/kg 

4.71 

7.26 

4.53 

0.4-1 

% 

0.471 

0.726 

0.453 

0.04-0.1 


Recovery Facility (MRF) where it is separated to 
marketable streams, by means of electromechanical 
and manual methods. 

It should be kept in mind that, unless the source- 
separated materials are usable, they will end up in 
landfills. An example of the lack of markets for certain 
materials is the fact that less than 10% of the plastic 
wastes generated in the USA are actually recycled; the 
corresponding figure in Germany is 20%. 

The most easily recyclable materials are ferrous and 
nonferrous metals. The highest environmental and also 
economic benefit, per kilogram of material recycled, is 
derived from the recovery of aluminum because of the 
large amount of energy required to produce aluminum 


from bauxite ore. The largest component in MSW 
is mixed paper that can be re-pulped to produce 
wrapping paper and cardboard. 

Composting 

A second “stream” collected by many municipalities 
consists of yard or “green” wastes such as leaves, grass, 
tree branches, etc. Usually, these materials are brought 
by citizens to a collection center and are composted 
aerobically (i.e., in the presence of atmospheric oxygen) 
to carbon dioxide and a compost product that can be 
used as soil conditioner. Yard wastes can also be shred¬ 
ded and used as Alternative Daily Cover (ADC) in 
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Waste-to-Energy, Introduction. Table 3 Contribution of 
MSW components to its chlorine content 


Material in MSW 

Contribution to 
chlorine content (%) 

Paper 

10.1 

Plastics 

44.7 

Organics 

17.9 

Textiles 

9.4 

Wood 

5.8 

Miscellaneous combustible 

10.7 

Glass 

0.4 

Metals 

0.5 

Miscellaneous noncombustible 

0.5 

Total 

100.0 


sanitary landfills, in place of soil. For example, nearly 
two million tons of yard wastes are used as ADC in 
California and the state considers this use to be equiv¬ 
alent to recycling. On the average, MSW contains 10% 
of yard wastes and the same or higher percentage of 
food wastes. 

Food wastes generate undesirable odors in open 
windrow composting but can be composted anaerobi¬ 
cally (i.e., in the absence of atmospheric air) in digesters 
to produce a biogas that contains about 50% of meth¬ 
ane and, after a curing period, a compost product. 
However, composting of food wastes has not been 
successful on a large scale for two main reasons: First, 
it is not easy for households to collect odorous food 
wastes that decompose fairly rapidly in storage. Sec¬ 
ond, food wastes composted aerobically in windrows 
emit odors; therefore, they must be composted in 
closed composting systems or digested anaerobically 
(AD), both of which are costly to build and operate. 
As a result, in the USA about 50% of the yard wastes are 
collected and composted, while less than 5% of the 
generated food wastes are processed. 

It should be noted that composting - both aerobic 
and anaerobic - is practical only for source separated 
organics. Otherwise, most of the compost product is 
not marketable as a soil conditioner and in many cases 
ends up in landfills. 


Dealing with Mixed MSW and Post-recycling 
Residues 

International experience has shown that there are 
only two ways to manage mixed MSW and the 
unavoidable residues from recycling and composting: 
(a) thermal processing, where the chemical energy of 
the wastes is recovered in the form of steam or 
syngas fuel, and (b) modern (sanitary) landfilling 
where some of the chemical energy in the MSW 
may be recovered in the form of landfill gas (LFG; 
50% methane), thus reducing landfill methane emis¬ 
sions by 50-75%. 

Energy Recovery from Wastes (Waste-to-Energy 
or WTE) 

As stated earlier, energy is stored in chemical form in all 
waste materials that contain organic compounds 
containing carbon and hydrogen. These compounds 
are either of biogenic origin (e.g., paper, wood, food 
and plants, cotton, leather) or are anthropogenic mate¬ 
rials created from fossil fuels, such as plastics and other 
petrochemicals. A carbon isotope analysis of stack gas 
from several WTE plants by Covanta Energy has shown 
that about two thirds of the carbon in the US MSW is 
biogenic and one third anthropogenic. The chemical 
energy content of metals, glass, and other inorganic 
materials is negligible. 

The principal way of recovering the energy stored in 
wastes is by controlled combustion on a moving grate. 
The heat contained in the combustion gases is trans¬ 
ferred to water and steam in a boiler and the super¬ 
heated steam is used in a turbine generator of electricity 
and/or for district heating. 

The chemical energy contained in MSW can also be 
recovered from wastes by means of partial combustion 
and gasification. The product of gasification is syn¬ 
thetic gas (“syngas”), consisting of carbon monoxide 
and hydrogen. It can be used as fuel in a gas engine or 
turbine generator of electricity or can be converted 
chemically to a liquid fuel (e.g., by means of the 
Fischer-Tropsch reaction). 

Sorted plastic wastes, which have a high calorific 
value, can be converted into a liquid fuel by using an 
external source of heat, such as microwave energy. This 
process is called pyrolysis. 


w 

















11834 


w 


Waste-to-Energy, Introduction 


Landfilling 

Landfilling is the ancient way of dealing with solid 
wastes and is still the principal means of waste man¬ 
agement in most nations (Fig. 3). MSW that is not 
subjected to recycling, composting, or WTE, plus the 
residues from these processes (e.g., ash from combus¬ 
tion that is not used as construction material), must be 
disposed in properly designed and operated landfills. 



Waste-to-Energy, Introduction. Figure 3 
Landfill serving the island of Mauritius 


A Columbia University study has shown that the urban 
MSW landfilled globally amounts to about one billion 
tons annually. Of this amount, only 200 million tons of 
MSW are deposited in modern landfills that try to 
collect some of the biogas generated. 

A 2007 study by Columbia University showed that 
the current growth of WTE capacity, at about four 
million tons per year, will not be enough to curb 
landfill methane emissions by the year 2030 because 
population growth and economic development will 
result in a much greater rate of MSW generation and 
landfilling. The only way to reduce landfill greenhouse 
gases (GHG) between now and 2030 is by achieving 
a 7.5% growth in thermal treatment capacity on 
a global scale, or by increasing the amount of methane 
captured at landfills. 

The Hierarchy of Waste Management 

The “hierarchy of waste management” is a pyramid 
that illustrates the priorities that have been established 
in developed nations with regard to different methods 
for managing solid wastes. Waste reduction is placed 
at the top, followed by recycling and composting, 
waste-to-energy, and landfilling. In 2008, the Earth 
Engineering Center of Columbia University proposed 
the expanded hierarchy shown in Fig. 4 that divided 
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The hierarchy of waste management 
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composting into anaerobic and aerobic, and landfilling 
into three categories: Modern landfills, also called 
“sanitary landfills,” collect and treat their liquid efflu¬ 
ents and also capture and use the generated biogas 
(about 50% methane). The next class of landfills burn 
their biogas in special flares to avoid the emission of 
methane to the atmosphere. At the very bottom of the 
waste management hierarchy are the age-old landfills 
that make no effort to collect their liquid and gas 
emissions and, regrettably, dot the surface of the Earth. 

It should be kept in mind that, as in the case of every 
rule, there can be notable exceptions to the hierarchy of 
waste management. For example, as mentioned earlier, 
some yard wastes are used in California as Alternative 
Daily Cover (ADC) in sanitary landfills; in fact an LCA 
study by Columbia University (Rob van Haaren thesis) 
showed that the ADC use of yard wastes had a lower 
carbon footprint than composting, because of the 
avoidance of digging up and using soil as daily cover. 

Greenhouse Gas Effects of Waste Management 

Landfilling is presently a major anthropogenic source 
of methane, a gas that is considered to be the second 


most important of the greenhouse gases that are 
affecting climate change. The only two options for 
decreasing the emissions of methane in landfill gas 
(LFG), estimated presently to be 850 million tons 
of carbon dioxide, are accelerated growth of WTE 
capacity and increased LFG capture in the interim 
period. The global waste-to-energy capacity is 
about 190 million tons and at the current rate of 
growth of the WTE industry, about 2% annually, it 
cannot catch up with the projected growth of 
MSW generation. Therefore, it is necessary for 
governments to encourage WTE growth and also 
ensure that new and remaining landfills are 
constructed and operated so as to avoid contami¬ 
nation of ground and surface waters and maximize 
the capture and utilization of methane in landfill 
gas. 

USA is the worlds largest landfiller with about 225 
million metric tons, followed by China with an 
estimated 200 million metric tons. However, the US 
landfilling industry and the USEPA Landfill Methane 
Outreach Project have made a determined effort to 
collect much of the landfill gas (LFG). Table 4 and 
Fig. 5 show the generation and capture of LFG 


Waste-to-Energy, Introduction. Table 4 US and global generation and capture of LFG (in million metric tons) 



LFG methane 
generation 

LFG methane 
utilization 

LFG methane 
flaring 

LFG fugitive 
methane 

co 2 

equivalent 

USA landfills 

11.8 

3.11 

2.85 

5.84 

123 

Global landfills 

50 

5 

4.6 

40.4 

848 

USA as % of global 

23.6 

62.2 

62.0 

14.5 

14.5 



Global 


U.S. 


w 


■ methane utilized ■ methane flared ■ methane to atmosphere 


Waste-to-Energy, Introduction. Figure 5 

Global and US. generation and capture of landfill methane (all numbers are in million tons per year) 
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(50% methane) in the USA and worldwide, as 
estimated by the author in a 2008 publication 
(GWMS). 

Thermal Treatment Technologies 

As stated earlier, the only proven alternative to 
landfilling mixed or post-recycling MSW is combus¬ 
tion or gasification to recover electricity, heat, 
syngas, and metals. Worldwide, there are over 800 
thermal treatment plants, most of them in EU, Japan, 
and the USA. 

Grate Combustion of "As-Received" MSW 

In a mass burn WTE, the MSW bags and wastes are 
discharged from the collection vehicles into the waste 
bunker in a fully enclosed building. An overhead claw 
crane loads the solids in the charging hopper and a ram 
feeder at the bottom of the hopper pushes the solids on 
the moving grate (Fig. 6), which usually is inclined; the 
force of gravity and the periodic motion of the grate 
propel slowly the bed of wastes through the 



Waste-to-Energy, Introduction. Figure 6 

WTE combustion chamber with inclined moving grate 


combustion chamber. The grate is 3-6 m wide, 
depending on the furnace capacity, and about 8-10 m 
long; the average residence time of solids on the grate is 
about 1 h. 

As will be described in detail in other entries in the 
WTE section, the heat contained in the combustion 
gases is transferred, through the furnace water wall 
and superheater tubes, to the high-pressure steam 
that drives the turbine generator. The low-pressure 
steam from the generator exhaust is condensed or, 
preferably, used for district or industrial heating. The 
most efficient waste-to-energy (WTE) facilities are 
co-generators of electricity (>600 kWh) and district 
heating (>500 kWh) per ton of MSW processed. As an 
example, over 30% of the district heating needs of 
Denmark are provided by 28 WTE plants that serve 
this nation of five million people. 

The mass burn WTE technology has the advantage of 
the cumulated experience of several decades and this has 
resulted in very high plant availability, over 8,000 h of 
operation per year. It is also the simplest way to thermally 
treat MSW because it requires little contact with the 
MSW and very few people to operate and maintain. 
A plant processing one million tons of MSW can be 
operated by fewer than 60 people. However, they are 
very costly to build. 

Most WTE plants built in the last decade are of the 
grate combustion. A 2006 EEC survey of three domi¬ 
nant technologies (Martin, Von Roll, Keppel-Seghers) 
showed consistent growth of about three million tons 
of mass burn capacity per year. Other technologies, 
such as direct smelting (JFE, Nippon Steel), fluid bed 
(Ebara), and circulating fluid bed (Zhejiang University, 
China) have accounted for an additional estimated 
growth of another million tons per year. 

Combustion of Refuse-Derived Fuel (RDF) 

The MSW feedstock of WTE processes has a typical 
heating value of 10 MJ/kg. Whatever is done to 
decrease the MSW particle size (e.g., shredding), 
increase its calorific value (e.g., drying and sorting of 
inorganic constituents), or add auxiliary energy in the 
combustion chamber (e.g., oxygen enrichment or use 
of thermal plasmas) requires the use of electrical energy 
that must be justified by increased energy production 
per ton of MSW, or higher productivity per unit 
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volume of furnace and boiler that results in lower 
capital investment costs. 

The Refuse-Derived Fuel (RDF) technology repre¬ 
sents the simplest possible advance over grate combus¬ 
tion. The original RDF concept was to allow separation 
of marketable materials from the MSW feed before it 
enters the combustion chamber. Basically, this process 
consists of single-shredding of the MSW, sorting out 
some of recyclable materials, and then combusting the 
resulting RDF. This process is used mostly in the USA 
where there are 12 WTE facilities, ranging in capacity 
from 360 to 2,700 t per day and in total process about 
six million metric tons of MSW annually. A variation of 
the RDF process is the Mechanical Biological Treat¬ 
ment (MBT) process used in Europe that converts 
MSW to a solid recovered fuel (SRF) that can be 
co-combusted with coal in cement and also power 
plants, provided that their air pollution control systems 
can handle the resulting process gas. 

Obviously, from a reaction engineering perspective, 
shredding of the highly heterogeneous MSW to a more 
uniform particle size and composition should be ben¬ 
eficial: Heat and mass transfer rates increase with 
smaller particle size; also, a certain degree of homoge¬ 
nization should facilitate combustion control in the 
furnace. Since the drying, volatilization, and combus¬ 
tion rates would be higher, the specific productivity 
(e.g., tons per unit volume of combustion chamber) 
of shredded WTE should also be higher than for a mass 
burn WTE. However, for wider adoption of the RDF 
technology, these advantages must translate into lower 
capital and operating costs than the grate combustion 
technology. 

Emerging WTE Technologies 

It should be stressed that while the novel WTE 
processes are called “gasification,” they are in fact 
a combination of partial oxidation and gasification, 
followed either by combustion of the volatiles and 
steam generation, similarly to grate combustion, or 
using the syngas in an engine or turbine generator, or 
converting to a synthetic fuel. 

As in the case of the RDF and MBT processes, 
gasification technologies need to demonstrate what 
are, or will be, the specific advantages of more complex 
systems over the constantly evolving grate combustion 


technology. It cannot be better control of emissions 
because, since the 1990s, all WTE plants have reduced 
their emissions to practically insignificant levels. It may 
be higher energy recovery because a gas turbine has 
higher thermal efficiency than the steam turbine used 
in grate combustion plants. There is a definite advan¬ 
tage of most gasification processes in vitrifying the ash 
residue. Also, a lower capital investment per ton of 
capacity than for grate combustion plants would be a 
definite advantage, especially for small city applications. 

Beneficial Use of WTE Ash 

The residues of waste-to-energy facilities are bottom 
ash, about 20-25% of the MSW by weight, and “fly” 
ash collected in the Air Pollution Control (APC) sys¬ 
tem, about 2-3% of the MSW. As the APC systems of 
WTE facilities have improved greatly, the captured 
heavy metals, dioxins, and other undesirable contami¬ 
nants end up in the fly ash. At the present time, most of 
the US WTE facilities mix bottom and fly ash to form 
a “combined” ash that is chemically inert and is used 
for landfill maintenance and daily cover, in place of the 
15-cm soil cover required by USEPA. Since the USA is 
the world’s largest landfiller, there is a great need for use 
of WTE ash in landfills. However, since there are no 
alternative beneficial uses of WTE ash outside landfills, 
the WTE companies do not get much benefit from 
supplying it to landfills. In fact, its disposal for landfill 
maintenance represents a substantial operating cost. 

Bottom ash does not contain dioxins and volatile 
metals and its chlorine and sulfur concentrations are 
very low. It can be used beneficially in road construc¬ 
tion, remediation of extinct mines, and other uses, as is 
done in several other nations. Numerous demonstra¬ 
tion programs, in the USA and abroad, have proven 
scientifically that bottom ash can be processed to gen¬ 
erate an engineered and environmentally safe aggregate 
for diverse construction applications. In fact, the WTE 
facility of AEB Amsterdam (1.5 million tons of MSW 
annually) processes its ash in a novel way so that only 
1% by weight of the MSW combusted has to be 
landfilled. 

Need for Government Support 

Government support for new WTEs in the USA, 
China, and other landfilling nations will increase the 
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rate of growth of WTE but, for several decades, 
humanity will continue to depend on landfilling. 
Eventually, only inorganic, non-recyclable materials 
will be landfilled, as is already done in several nations. 
However, until there is sufficient WTE capacity, there 
is much to be done with existing and new landfills. In 
particular, it is necessary for developing nations like 
China and India to follow the example of USA in 
constructing sanitary landfills that prevent liquid 
effluents from contaminating ground and surface 
waters and reduce methane and other gaseous emis¬ 
sions to the atmosphere. 

Management of solid wastes has become as important 
in our times as the supply of water and the treatment of 
wastewater. All three are part of the Commons that is 
usually neglected by individuals but must be taken care 
by the community and the nation. 
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Glossary 

APC residues Residues collected in Air Pollution Con¬ 
trol system of a plant. 

Best available technology (BAT) The most effective 
methods for achieving a high level of protection for 
the environment; developed on a scale that allows 
implementation under technically and economi¬ 
cally viable conditions (in the USA, called Maxi¬ 
mum Achievable Control Technology: MACT). 

BREF Reference Document on the Best Available 
Techniques (e.g., BREF Waste Incineration (WI) 
and BREF Energy Efficiency (ENE)). 

Energy equivalence factors As per definition of the R1 
formula, electricity produced must be multiplied by 
a factor of 2.6; heat produced must be multiplied by 
a factor of 1.1. 

MSW incineration (MSWI also called waste-to- 
energy or WTE) a facility that includes waste stor¬ 
age bunker, waste feeding equipment to the furnace, 
boiler, flue gas cleaning system, and energy recovery 
system (steam turbine, etc.). 

Municipal solid waste (MSW) Waste from house¬ 
holds as well as commercial, industrial, and insti¬ 
tutional waste that, by its nature and composition, 
is similar to waste from households. This includes, 
e.g., bulky waste, residual waste after recycling 
operations, RDF-refuse derived fuels mainly from 
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municipal waste. The categories of waste that may 
be treated in a WTE plant are listed in the permit by 
the competent authority. 

Produced energy Total energy generated as electricity 
and heat for sale and use within the plant. 

R1 energy efficiency factor Determines whether or 
not a WTE plant can be classified as a recovery 
operation, under EU legislation. 

R1 formula Used to calculate the R1 factor under EU 
legislation. 

Sankey diagram Flow diagram in which the width of 
the arrows is proportional to the flow quantity. 
Waste incineration Thermal treatment of MSW in an 
environmentally sound way and recover its energy 
content as electricity, heat, or combined heat and 
power. 

Definition of the Subject and Its Importance 

In waste legislation and policy, the waste management 
hierarchy is a list of waste management methods, 
according to what constitutes the best overall environ¬ 
mental option. It consists of: prevention, reuse, recycling, 
composting, energy recovery, and disposal [1]. 
Waste incineration plants are classified either as “recov¬ 
ery,” or as “disposal” operations. This depends on the 
fraction of energy recovered from that contained in the 
waste. It is important to note that “recovery” is defined 
as any operation through which wastes replace other 
materials that would be needed to fulfill a particular 
function in the plant or in the wider economy [ 1 ]. 

An appropriate method to assess whether or not 
a waste incineration plant is a recovery operation is to 
evaluate the energy produced and used from the waste. 
The European Commission has quantified this distinc¬ 
tion by means of the R1 energy efficiency formula. 
A plant can only be classified as a recovery operation 
when its R1 factor is at least 0.60 for existing, and 0.65 
for new plants. In the R1 formula this is determined 
using equivalence factors; a similar method is also used 
in Switzerland, but without using equivalence factors. 

The R1 factor provides a major incentive for WTE 
plants to improve their energy efficiency. High R1 
factors increase the contribution WTE plants make to 
the national energy supply, saving primary fossil fuel 
resources, e.g., in power or heating plants, and reduc¬ 
ing the emission of greenhouse gases. The R1 factor 


also serves as a driving agent in the competition among 
operators of WTE plants to reach a higher ranking than 
other facilities. 

Introduction 

The three main purposes of MSWI or WTE are to 
reduce the volume of waste by means of thermal treat¬ 
ment; control effectively the emissions of this opera¬ 
tion; and recover as much as possible of the energy 
content of the wastes. 

Material Flow 

The aim of the incineration process is to reduce the 
quantity of waste and produce as many recoverable 
materials from the residues as possible, so that only 
a very small part need to be deposited in a landfill. The 
technologies used to achieve the material flow are 
shown in Fig. 1 [5, 10]. They primarily depend on the 
type of grate or other combustion device, the compo¬ 
sition and calorific value of the waste to be incinerated, 
the operating conditions in the furnace (e.g., % excess 
air), and the combustion temperature. 

Pollutants and Emissions 

One of the aims of the incineration process is to destroy 
organic pollutants and to separate heavy metals and 
inorganic pollutants that are contained in the incoming 
waste. By employing highly efficient flue gas cleaning 
technology, WTE plants can ensure that emissions into 
the ambient air are negligible. The data in Fig. 2 for the 
input and fate of pollutants in a WTE plant are from 
a life cycle assessment (LCA) study [2]. The destruction 
of organic pollutants takes place in the combustion 
chamber and in the first pass of the boiler, maintained 
at a temperature above 850°C; this is followed by 
adsorption of the remaining organic pollutants 
followed in the APC system, by means of the injection 
of activated carbon, or other method. 

The heavy metals and other inorganic pollutants in 
the MSW are depending on their volatility volatilized 
during combustion. The higher the bed temperature, 
which should not exceed the melting point of bottom 
ash, the fewer pollutants will remain in the bottom ash. 
This is an important quality criterion for beneficial use 
of the bottom ash. The volatilized metals and inorganic 
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Waste-to-Energy: Energy Resource in Solid Wastes. Figure 1 

MSWI: Material flow diagram showing range of MSW composition and distribution of MSW weight as flue gas, bottom ash, 
and APC residues 
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Waste-to-Energy: Energy Resource in Solid Wastes. Figure 2 

MSWI: Path and percent distribution of pollutants contained in MSW processed in a WTE plant in Europe [2] 
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pollutants are then captured in the Air Pollution Con¬ 
trol system, as described in detail in other chapters of 
this Encyclopedia. As a result, WTE plants designed 
and operated according to the Waste Incineration 
BREF [3], can meet the very stringent EU emission 
standards for waste incineration plants [4]. 

Energy from Waste 

A waste incineration plant should aim to recover as 
much as possible of the energy available in the MSW 
feed. Figure 3 shows how the chemical energy stored in 
the waste is distributed in a WTE plant. The MSW feed 
into a WTE plant is a mixture of several fractions with 
very different calorific values, ranging from 1.6 to 4.3 
MWh/t and an average value for Europe of 2.8 MWh 
(about 10 GJ) per ton of “as received” MSW (Fig. 3). 
An appropriate calculation method, based on the main 
data of a plant, is described in Section Net Calorific 
Value of MSW (NCV; Also Called Low Heating Value 
or LHV). 

In the waste bunker, the different components of 
the MSW are mixed by the overhead crane, to ensure 
optimal combustion within the furnace and avoid the 
need to use auxiliary fuel, except during start-up or 
shutdown of a unit. The importance of the combustion 


control system within the furnace is discussed in detail 
in Waste to Energy (WTE): The AE&E Technology 
and The Martin WTE Technology entries of this 
Encyclopedia. 

Projected Energy Losses of the Incineration Facility 

The heat loss in the bottom ash, the convection and 
radiation losses of furnace and boiler, and the loss 
associated with incomplete burnout of carbon in the 
ash correspond to about 3% of the energy input in the 
MSW feed. In the R1 formula, they are taken into 
account by the fixed correction factor of 0.97. This is 
the reason why only 97% of the heating value of MSW 
(plus any auxiliary heat used in the plants) is entered 
into the denominator of BREF WI [3]. 

Boiler Efficiency and Flue Gas Temperature After 
Boiler The temperature in the flue gas leaving the 
boiler affects the energy recovery by the boiler. It is 
independent of the heating value of the MSW and in 
state-of-the-art systems is in the range of 180-230°C. 
This range is associated with steam parameters of 40 
bar/400°C and results in a mean boiler efficiency of 
82% [8]; in other words, 18% of the input energy in 
the MSW is lost in the flue gas. 
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Waste-to-Energy: Energy Resource in Solid Wastes. Figure 3 

MSWI: Flow diagram and distribution of energy contained in MSW processed in a WTE plant 
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Number of investigated WTE plants (97) 


■ Boiler efficiency by indication of operator Range 40.3-104.8% Mean value not weighted 81.7% / mean value weighted 81.9% 
♦ Ordered by boiler efficiency by BREF Range 40.3-92.7% Mean value not weighted 82.2% / mean value weighted 81.8% 


Waste-to-Energy: Energy Resource in Solid Wastes. Figure 4 

Boiler efficiencies of 97 European WTE facilities (CEWEP 2006) 


Figure 4 shows the calculated boiler efficiencies 
of 97 European WTE plants, investigated by the Con¬ 
federation of European WTE Plants [8], using the 
formula: 

% boiler efficiency = Energy contained in steam gener¬ 
ated/0.97 (Energy contained in MSW feed + energy 
in any auxiliary fuel used in steam generation). The 
red squares show the actual data provided by the 
plant operators (2001-2004 data) and the blue tri¬ 
angles the calculated data according to the BREF 
WI formula. 

It can be seen that many of the boiler efficiencies 
reported by the operators differ considerably 
from the BREF formula. This can be due to several 
factors, such as low or high estimated of heating 
values of MSW, inaccurate measurements of steam 
rates, etc. 

When the steam energy is to be transformed to 
electricity, high steam parameters are required. In this 
case, relatively higher temperatures (up to 450°C) and 
pressures (up to 100 bar) of the steam are technically 


possible, but the surfaces of the boiler membrane walls, 
at least in the first and second pass and the superheater 
tubes must be protected against corrosion and abra¬ 
sion, by cladding or other means. 

Modern incineration plants reach boiler efficiencies 
over 85%. Even higher efficiencies are achievable with 
wastes containing low chlorine than MSW, which con¬ 
tains 0.4-0.6% per tonne of wet MSW. 

Net Calorific Value of MSW (NCV; Also Called Low 
Heating Value or LHV) Many NCV (or LHV) data 
reported by the operators show a large deviation from 
the correct values of NCV. Because of this, a NCV 
formula has been defined by the BREF WI that in effect 
uses the furnace and boiler as a giant calorimeter. It is 
based on a simple energy balance between the energy 
inputs and the output of a WTE plant: 

Formula 1: Formula for calculation of the net calo¬ 
rific value (NCV; or LHV in the USA) of MSW feed, 
according to BREF Waste Incineration (WI) using 
measured or calculated data: 
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NCV = (1.133 x (m !tw /m) xc stx + 0.008*T b )/1.085, in 
GJ/t wet MSW 

where 

NCV = net (or lower) calorific value (NCV) of MSW, in GJ/t 
(wet) 

m s tw = m stx -(m f x (cf/c stx ) X775), in tsteam/t wet MSW 

and 

m st w = mass flow of steam produced from waste 
combustion, in t/year, or t/day 

nrif = mass flow of steam from auxiliary fuel combustion, 
in t/year, or t/day 

m s t x = total amount of the steam produced, in t/year, or 
t/day 

m = mass of waste combusted, in t/year, or t/day 

c st x = net enthalpy of steam (i.e., minus enthalpy of boiler 
water), in GJ/t wet 

c f = net heating value (LHV) of auxiliary fuel used for 
steam production, in GJ/t 

T b = temperature of flue gas after boiler (at 4-12% 0 2 ) - 
/"input of air, in °C 

0.008 = specific sensible heat capacity of flue gas, GJ/t 
wet/°C 

1.133 and 1.085 = constants derived from regression 
equations 

77 b = efficiency of gas-to-steam heat transfer in the boiler 
(approx. 0.80) 


Because the greatest part of the energy output goes 
to the steam exiting the boiler (m st x * c st x ), accurate 
measurement of the steam rate is very important in using 
the above formula to calculate the NCV (or LHV) of the 
waste. An example of “double counting” errors in the 
steam rate is steam used to preheat the combustion air. 
On the other hand, steam quantities that should be 
included in the steam rate of the plant are steam extracted 
ahead of the steam measuring device for heating the flue 
gases (e.g., before SCR, after wet scrubbers, before fabric 
filters) or injection of water for continuous boiler 
cleaning, or in the form of NH 4 OH for NO x reduction; 
the energy needed to evaporate these sources of water is 
not counted by the steam measuring device. 

An example of NCV (or LHV) calculation, based on 
the NCV formula of BREF WI, is shown in Table 1 for 
a WTE plant with the annual energy flows shown in 
Table 1 [11, 12]. 


The calculations made in Table 1 show that by 
taking into account all relevant energy flows in this 
WTE plant, the calculated NCV (LHV) of the waste 
was 10.0 GJ/t of MSW at a boiler efficiency of 85.3%. In 
comparison, for a simplified NCV calculation, using 
only the energy of measured steam minus imported 
energy, the NCV would increase to 10.3 GJ/t and the 
boiler efficiency would decrease to 83.4%. 

To get accurate and comparable NCVs of the 
waste combusted at WTE plants of different config¬ 
urations, it is necessary to collect the complete 
energy flows from each plant. Figure 5 shows the 
results of an investigation that compared the net 
calorific values (NCV or LHV) of 97 European 
WTE plants, as calculated by the BREF WI formula 
(blue triangles) and reported by the plant operators 
(red squares; data for 2001-2004). A similar varia¬ 
tion between these two values is observed as in 
Fig. 4 that compared calculated and reported boiler 
efficiencies. 

The observed differences in calorific value among 
different European WTE plants may be due to several 
factors, including the prevailing rate of recycling, the 
degree of industrialization, and the economic develop¬ 
ment of the community served by a WTE. Figure 6 
classifies NCV data from 231 European WTE plants 
into three regions: Northern, middle, and southern 
Europe [9]. 

The reason for the relatively wide range of calorific 
values of MSW combusted at different WTE within 
a region is most likely due to different fractions of 
high heating value wastes treated at different plants 
(e.g., industrial and commercial waste, nonrecyclable 
wrapping, and waste wood). For example, in northern 
Europe which is the coldest climate zone, high calorific 
waste is used to complement the available MSW and 
provide the demand for district heating and reduce the 
consumption of fossil fuels. 

The low heating values in southern Europe are most 
likely due to the incineration of relatively larger quan¬ 
tities of food and green wastes and smaller quantities of 
plastics and paper. 

Recovery of Usable Energy from Waste 

The potential for energy recovery from WTE depends 
not only on the combustion technology used, but also 
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Waste-to-Energy: Energy Resource in Solid Wastes. Table 1 Example of calculation of NCV (or LHV) using the BREF Wl 
formula 


A 

Boiler efficiency (1,738,100 + 15,992)/(0.97 * 
(210,000 * 10.038 + 12,100)) * 100 = 85.3% 

Vb 

85.3 

% 

B.1 

Municipal waste incinerated 


210,000 

t/year 

B.2 

Measured steam quantity after boiler with the 
main measuring device 

™stx 

630,000 

t/year 

B.3 

Net enthalpy of steam 40 bar/400°C/130°C 
boiler water 

c st (3,214 + 544) 

2,670.000 

kJ/kg 

B.4 

Delivered steam to a third party with a second 
measuring device 

m w 

20,000 

t/year 

B.5 

Net enthalpy of steam 45 bar/257°C with no 
backflow of condensate 

c st x (2,800) 

2,800 

kJ/kg 

B 

Total energy output based on measured steam 
quantities 

m s t x x c st x 

1,738,100 

GJ/year 

C.1 

Light fuel oil for start-ups and shutdowns 

m f steam producing 

120 

t/year 

C.2 

Light fuel oil for keeping combustion 
temperature >850°C 

m f steam producing 

215 

t/year 

C.3 

Sum of used light fuel oil 

m f steam producing 

335 

t/year 

C.4 

Energy input by fuel 

m f x c f (42,73 GJ/t) 

12,100 

GJ/year 

C 

Included in total energy output from measured 
stream 

Vb x m f x c f 

10,321 

GJ/year 

D.1-1 

Steam for soot blowing and for NH 4 0H injection 
SNCR (both extracted after total steam 
measuring device) 

m stx 

12,500 

t/year 

D.1-2 

Net enthalpy of steam 40 bar/400°C/0.2 bar/ 
220°C steam in flue gas 

C s , x (3,214 - 2,918) 

296 

KJ/kg 

D.l 

Energy by double measured steam quantity for 
soot blowing and NH 4 OH injection of SNCR 

™st x X C s t x 

3,700 

GJ/year 

D.2-1 

Steam for heating up primary combustion air 
from 20°C to 130°C (extracted after steam 
measuring device) 

™stx 

37,600 

t/year 

D.2-2 

Net enthalpy of steam 3 bar/144°C/100°C in 
condensate 

C s t x (2,748 — 419) 

2,329 

kJ/kg 

D.2-3 

Energy input by steam 

m sx x x C st 

87,570 

GJ/year 

0.2 

Energy by double measured steam quantity for 
heating up primary combustion air from 20° C to 
130°C 

Vb x m s t x x C s t x 

74,698 

GJ/year 

D.3-1 

Liquid quantity as water and NH 4 0H injected 
before the total steam measuring device 

^liquid 

4,600 

t/year 

D.3-2 

Net enthalpy as steam 0.2 bar/220°C in flue gas 

C s , x (2,918) 

2,918 

KJ/kg 

03 

Not measured energy by injected liquids into the 
combustion chamber before steam measuring 
device 

^liquid X C s t fl ue gas 

13,423 

GJ/year 
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Waste-to-Energy: Energy Resource in Solid Wastes. Table 1 (Continued) 


D.4-1 

Steam extracted before the steam measuring 
device for heating up flue gas from 110°C to 

120°C 

m stx 

6,600 

t/year 

D.4-2 

Net enthalpy of steam 45 bar/257°C/90°C 
condensate 

C st x (2,800 - 377) 

2,423 

KJ/kg 

D.4 

Not measured energy for heating up flue gas from 
I10°C to I20°C with steam out of the boiler drum 

m st x x C st 

15,992 

GJ/year 

D.5-1 

Energy extracted by grate cooling before the 
steam measuring device for heating up the 
backflow of district heat 


3,800 

MWh/year 

D.5-2 

Transferred from MWh into GJ 


3.6 

GJ/MWh 

D.5 

Not measured energy from grate cooling for 
heating up the backflow of district heat 


13,680 

GJ/year 

D 

Sum of double or not measured energies included 
in total energy output from measured steam 

Vb x m f x C f 

-35,303 

GJ/year 

2 (B — C + D): NCV relevant energy flows of this example 

1,692,476 

GJ/year 

NCV determination by BREF Wl formula based on the investigated, NCV relevant 
energy flows (?y b = 85.3%) 

10.038 

GJ/t MSW 

NCV determination by BREF Wl formula based only on the energy from the measured 
steam in B (rj b = 83.4%) 

10.265 

GJ/MSW 



w 


■ NCV given by operator Range 7.323-16.700 mean value not weighted 10.333 GJ/t / mean value weighted 10.000 GJ/t 

▲ Ordered by NCV calculated by BREF Wl Range 7.210-14.869 mean value not weighted 10.225 GJ/t / mean value weighted 9.987 GJ/t 


Waste-to-Energy: Energy Resource in Solid Wastes. Figure 5 

Net calorific values (or LHV) of 97 European WTE plants (CEWEP 2006, 2009) 
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20.000 

18.000 


Northern Europe 
(DK, FI, SE) 


15.425 


Weighted average of 231 
investigated WTE plants 
10.129 GJ/twet 



Middle Europe 
(AT, BE, CZ, FR, DE, HU, NL, GB, LU, 
CH) 



□ Max 


14.357 


15.425 


14.701 


□ Average weighted 


11.314 


9.854 


9.260 


□ Min 


9.316 


5.806 


7.945 


Waste-to-Energy: Energy Resource in Solid Wastes. Figure 6 
Analysis of calorific values of MSW combusted in 231 WTE plants in Europe 


on location and size of the plant, whether only electric¬ 
ity or heat are generated, and the incentives provided 
by government for the recovery of renewable energy 
and reduction of greenhouse emissions. 

Status of Energy Recovery from Waste in Europe 

Table 2 presents an overview of energy forms and 
average recovery rates of 231 European WTE plants, 
in 2004-2007. Forty-one plants produce only heat, 
75 only electricity, and 115 plants both heat and 
power (CHP). The “specific” values denote energy 
recovered per ton of MSW; the percent values indi¬ 
cate the energy output (MWh of heat and/or elec¬ 
tricity recovered) per MWh energy input in the 
MSW feed. 

For WTE plants producing only heat, the energy 
recovery is over 70%, with a maximum of 96.8% for the 
most efficient plant (only hot water producing). Plants 


producing electricity exhibit a thermal efficiency of 
over 20%, with a maximum of 32.4% for the best 
plant. However, it should be kept in mind that electric¬ 
ity is a more valuable source of energy than heat; The 
EU BREF multiplies MWh of electricity by the factor of 
about 2.6; therefore, the 20% mentioned above corre¬ 
sponds to 52% actual thermal efficiency. 

In the case of WTE plants that supply both heat and 
power (CHP), the thermal efficiency is over 35% for 
heat plus over 14% for electricity generation; the max¬ 
imum value reported was 89.6% for a WTE plant 
recovering heat combined with 1.2% for electricity 
generation. 

Classifying European WTE Plants as Recovery or 
Disposal Operations 

As noted earlier, European WTE plants can be clas¬ 
sified as recovery or disposal operations, depending 
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Waste-to-Energy: Energy Resource in Solid Wastes. Table 2 Generation of electricity and/or heat by 231 WTE plants in 
Europe (2001-2004) 


Kind of energy recovery 


All 

investigated 
WTE plants 
not classified 

% 

WTE plants 
only heat 
producing 

% 

WTE plants 
only 

electricity 

producing 

% 

WTE 

plants 

CHP 

producing 

1.% 

Number of WTE plants 

h 

231 

100 

41 

17.7 

75 

32.5 

115 

49.8 

Total throughput of MSW 

t wet/ 
year 

45,518,189 

100 

4,568,219 

10.0 

12,722,342 

28.0 

28,227,628 

62.0 

Specific energy input by 

MSW (without import) (NCV) 

MWh 

abs./t 

wet 

2.814 


2.953 


2.618 


2.867 


Total specific energy input 
(included import) 

MWh 

abs./t 

wet 

2.876 


3.099 


2.654 


2.924 


Total energy input (incl. 
import) 

MWh 

abs./t 

wet 

130,910,312 

100 

14,156,911 

10.8 

33,765,096 

25.8 

82,537,584 

63.0 

Specific electricity produced 
(Ep) 

MWh 

abs./t 

wet 

0.413 

14.4 

0 

0.0 

0.551 

20.8 

0.417 

14.3 

Specific electricity exported 
(Ep) 

MWh 

abs./t 

wet 

0.318 

11.1 

0 

0.0 

0.457 

17.2 

.306 

10.5 

Specific heat produced and 
used (Ep) a 

MWh 

abs./t 

wet 

0.905 

32.2 

2.210 

71.3 

0.092 

3.5 

1.067 

36.5 

Specific heat produced and 
used (Ep) b 

MWh 

abs./t 

wet 

1.202 

41.8 

2.486 

80.2 

0.399 

15.0 

1.356 

46.4 

Specific heat exported (Ep) 

MWh 

abs./t 

wet 

0.790 

27.5 

2.111 

68.1 

0.000 

0 

0.932 

31.9 

Specific total energy 
demand ((part of Ep) + Ef + Ei 
(th + el)) a 

MWh 

abs./t 

wet 

0.272 

9.5 

0.245 

7.9 

0.222 

8.4 

0.303 

10.4 

Specific total energy demand 
((part of Ep)+ Ef+ Ei (th + e/)) b 

MWh 

abs./t 

wet 

0.569 

19.8 

0.521 

16.8 

0.529 

19.9 

0.592 

20.2 

Including in total specific 
demand as Ef 

MWh 

abs./t 

wet 

0.015 

0.5 

0.018 

0.6 

0.010 

0.4 

0.009 

0.3 

Including in total specfic 
demand as Ei(el) 

MWh 

abs./t 

wet 

0.019 

0.7 

0.101 

3.3 

0.004 

0.2 

0.017 

0.6 


w 
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Waste-to-Energy: Energy Resource in Solid Wastes. Table 2 (Continued) 


Kind of energy recovery 


All 

investigated 
WTE plants 
not classified 

% 

WTE plants 
only heat 
producing 

% 

WTE plants 
only 

electricity 

producing 

% 

WTE 

plants 

CHP 

producing 

1.% 

Including in total specific 
demand as Ei(th) 

MWh 

abs./t 

wet 

0.028 

1.0 

0.027 

0.9 

0.022 

0.8 

0.031 

1.1 

Including in total specific 
electricity produced as Ep 
(self-used electricity) 

MWh 

abs./t 

wet 

0.095 

3.3 

0.000 

0.0 

0.094 

3.5 

0.111 

3.8 

Including in total specific 
heat produced as Ep (self- 
used heat) 3 

MWh 

abs./t 

wet 

0.115 

4.0 

0.099 

3.2 

0.092 

3.5 

0.135 

4.6 

Including in total specific heat 
produced as Ep ( self-used 
heat) b 

MWh 

abs./t 

wet 

0.412 

14.3 

0.375 

12.1 

0.399 

15.0 

0.424 

14.5 


a ln the real heat self used (demand) are, related to Sankey energy flow, beside the imported energy with 100% i.a. 18% energy self used for 
heating up of combustion air and all other processes with heat self demand, i.e., the steam to soot blowers, evaporation of APC residues, 
flue gas reheating, pipe heating, and building heating taken into account. 

b ln the heat self used (demand) related to the draft of the EU-Guidance for R1 formula, are additional to the load of "a" the total heat 
demand for boiler water heating up from an average temperature basis of 70°C to the individual boiler water temperature and 100% 
(instead of 18%) energy self used for heating up of combustion air included. 


on their thermal efficiency [ 1 ]. The energy produced 
is calculated as the sum of energy exported plus energy 
used to operate the facility in a proper way, i.e., meeting 
at least all requirements specified by the permit of the 
plant. 

Boundary Limits for Energy Balance 

In order to calculate the energy efficiency of a plant, it is 
important to define the boundary limits of the plant, as 
illustrated in Fig. 7. 

R1 Energy Efficiency Factor for the Member States of 
the European Union 

The R1 energy efficiency factor is a nondimensional 
figure based on the first law of thermodynamics. Its 
purpose is to increase energy efficiency of WTE plants 
and minimize the demand of primary energy in the 
European Union [ 1] . This factor is calculated according 
to the following formula [6]. 


R1 = Energy efficiency factor = (Ep - (Ef + Ei))/(0.97 x 
(Ew + Ef)) 

where 

Ep = energy produced per year as electricity or heat; 
electrical energy is multiplied by 2.6; heat produced for 
commercial use is multiplied by 1.1 

Ef = energy input per year to the plant from fossil fuels 

Ei = other external used per year in the plant 

Ew = energy input per year to the plant from waste, on 
basis of its net calorific value (or LHV) 

The factor 0.97 accounts for heat losses due to bottom 
ash and external radiation/convection 


In the absence of external fossil fuels and electricity, 
formatting the R1 formula reduces to: 

R1 = Energy efficiency factor = Ep/(0.97 x Ew) 

The equivalence factors for energy are based on 
savings of primary fuels in dedicated power and/or 
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Waste-to-Energy: Energy Resource in Solid Wastes. Figure 7 
Boundary limits for the determination of the energy efficiency of a plant 


heat plants. In the R1 formula, electrical energy is 
multiplied by the equivalence factor 2.6 and heat by 
the factor 1.1. To reach the “recovery” status (Rl), the 
computed Rl factor, according to the above formula, 
must be equal to or higher than 

• 0.60 for plants in operation and permitted, in accor¬ 
dance with applicable EU legislation, before 
January 1, 2009 

• 0.65 for plants permitted after December 31, 2008 

Figure 8 is based on the data presented in Table 2 for 
231 WTE plants in Europe. It divides these plants into 
three classes: Plants producing only heat, producing 
only electricity, and producing both heat and electricity 
(2003-2007 data). For each class, the maximum, aver¬ 
age and minimum Rl factors are shown. The averages 
values of energy efficiency are calculated in two ways: 
On basis of the Rl formula and from the Sankey energy 
balance, as discussed earlier. 

The highest Rl average based on CEWEP (0.88) was 
recorded for a CHP plant, producing both electricity 
and heat. The second highest average Rl factor was 
attained by a heat-generating WTE. The average Rl 
factor of WTE facilities generating only electricity 
was 0.71. 


Potential for Increasing Energy Recovery of 
WTE Plants 

Reimann [12] has suggested several ways to increase 
the energy efficiency of existing or new WTE facil¬ 
ities. For example, operators can aim to reduce 
excess air by optimal use of secondary air and 
recirculation of part of the flue gas stream. Other 
low cost measures are avoidance of fouling in 
boiler, ensuring a low flue gas temperature after 
boiler, reducing use of fossil fuel during start-up 
and shutdown, preheating the combustion air, and 
heating the flue gas for Selective Catalytic Reduc¬ 
tion (SCR) by self produced steam instead of fossil 
fuels. 

More costly measures recommended are frequent 
cleaning of heat exchanger tubes, providing for 
cooling of condenser by water sprinkling during 
high temperature excursions, increasing the boiler 
water temperature, use of a multistage turbine with 
reheating and dewatering of extracted steam in 
between the stages, and using boilers with higher 
steam parameters. 

By far, the most effective means to increase the 
WTE thermal efficiency is by using the low-pressure 
steam for district heating or for providing heat to 
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1.600 


1.400 



^R1 calculation in accordance to Directive 2008/98/EC (WFD) 20/10/2008, ANNEX II, with equivalence factors: for electricity 
self produced and imported 1 MWh el=2.6 MWh el equ; for heat commercial used 1 MWh th=1.1 MWh th equ and according 
to BREF Wl for imported fuel 1 MWh fuel=1.0 MWh fuel equ. Self used heat in Ep as described under 2) in Table 2. 


Waste-to-Energy: Energy Resource in Solid Wastes. Figure 8 

Analysis of R1 energy efficiency factors of 231 WTE plants in Europe [9] 


nearby industrial plants as base load, e.g., a paper 
recycling plant that requires a lot of heat. Of course, 
such measures are more applicable to new WTE plants 
and depend on the presence of customers for heat and 
the length of the heating or cooling period at a certain 
location. 

Future Directions 

Every WTE plant should strive not only to reach the R1 
standard required for classification as a recovery plant 
but to exceed it. Higher recovery rates have several 
environmental and economic benefits, including the 
conservation of nonrenewable fuels and the reduction 
of greenhouse gas emissions with their climate change 
implications. 
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Glossary 

Combustion refers to the overall process of initial 
“drying” (evaporation of water), “degasification” 
(pyrolysis), “gasification” (of the solid carbon), 
and “oxidation” of the combustible gases. 

Fluidized bed refers to fluid dynamics in an inten¬ 
sively mixed system of solid particles and gas flow 
which keeps the particles in dynamic movement 
somehow comparable to “bubbling” or “circulat¬ 
ing,” thus the mixture behaves much like a fluid. 
Fluidized bed is essentially a two phase flow 
phenomenon comprising a bulk of solids (e.g., 
quartz sand) which is kept in a fluidized state by 
an upward flow of gas (e.g., air) with velocities 
exceeding the minimum fluidization velocity. 
Thus the fluidized bed regime is characterized 
by intense movement of the solid particles 
resulting in high rates of heat and mass transfer. 
“Bubbling” and “circulating” fluidized bed sys¬ 
tems can be distinguished depending on the gas 
velocity within the reaction chamber. In an 
“externally circulating” system the solids inven¬ 
tory is transported out of the reactor by gas flow 
at transport velocity. 

Waste in the context of waste-to-energy typically refers 
to materials technically suitable for thermal treat¬ 
ment with ultimate oxidation of combustible mat¬ 
ter. Treatment of waste may be necessary because of 
legal requirements for environmental protection 
(e.g., in order to destroy hazardous and other bio¬ 
logically or chemically reactive organic materials) 
or because of an economic advantage for recovery 
of energy by combustion of waste materials with 
a relevant calorific value (e.g., plastic wastes with 
high calorific value comparable to crude oil or bark 
and sawdust as a waste from processing wood). In 
advanced waste management regulations, the dis¬ 
posal of wastes exceeding 5% total organic carbon 
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(with some specific but limited exemptions) is 
legally prohibited in several European countries 
(e.g., in Austria, Germany, Switzerland). 

Definition of the Subject and Its Importance 

Waste is a complex issue. Disposal of waste in terms of 
“out of sight - out of mind” by burial on land or 
discharging into surface waters or by simple dumping 
onsite or in proximity of the origin of waste production 
has become a dramatic global problem and a cause for 
various forms of environmental degradation and severe 
damage to human health and the natural environment 
including fauna and flora. Increasing population and 
material wealth based on industrial production has led 
to tremendous waste problems. It has also led to greater 
understanding and the acknowledgment of resource 
limitations for an increasing human population on 
this planet. Therefore, the practice of dumping or dis¬ 
posal of waste must be viewed as wasteful, neglectful, 
and irresponsible to the needs of others and to those of 
future generations. It can also be viewed as a direct 
contradiction to “cultivating the earth” (the original 
concept for the human population on earth as 
described in the book of Genesis). Natural resources 
are often simply differentiated in “renewable” (based 
on the ongoing radiation of the sun onto the orbiting 
and rotating planet earth) and “nonrenewable” 
resources (particularly fossil resources such as mineral 
oil, natural gas, and coal). In any case, for both renew¬ 
able and nonrenewable resources, whether material or 
energy, the issue of efficiency and recovery is vital for 
sustainability and the future quality of life on earth. 
The scientific basis for calculating resource efficiency, 
including recycling and recovery, is the first and second 
Law of Thermodynamics. Waste-to-energy is comple¬ 
mentary to material recovery (including recycling). 
One unit of “ROE” (Raw Oil Equivalent) equals 
40 MJ/kg or 40 GJ/t of calorific energy, which can be 
recovered by combustion and utilized in technical sys¬ 
tems. Currently, about 90% of all presently consumed 
(nonrenewable) mineral oil in the form of various fuels 
goes directly into combustion. The use of mineral oil 
for production of materials such as plastic polymers 
allows for some recycling (recovery of materials for 
reuse in a recycling product) and also for ultimate 
recovery of the calorific value by waste-to-energy, 


rather than its disposal in a landfill (or dumping 
elsewhere). 

According to state-of-the-art, there are various 
technical systems for waste-to-energy. The type of sys¬ 
tem used depends on the specific type and mixtures of 
waste to be treated and the specific demand for various 
forms of energy onsite (e.g., heat at a given level of 
temperature for specific industrial production pro¬ 
cesses or for heating or cooling by operating an absorp¬ 
tion process, demand for electricity). A continuous 
demand for cogeneration of power and heat is econom¬ 
ically favorable for locating a waste-to-energy facility 
on such a site. 

Fluidized bed is the most appropriate technology 
for a large variety of specific wastes (as well as for some 
type of biomass and low-grade coal). The basic princi¬ 
ples of waste-to-energy and fluidized bed technologies, 
their applications, and limitations for waste treatment, 
some selected reference projects, technical aspects on 
emissions and environmental impact assessment, and 
future perspectives for further development in recovery 
of materials and energy from waste by fluidized bed 
technologies will be presented and discussed. 

Introduction 

The basic principle of waste-to-energy refers to the 
overall process of energy recovery based on energy 
conversion by incineration of waste materials. The 
overall process of heat production by incineration of 
waste (or any other solid fuel, such as wood or lignite 
coal) comprises the individual processes of initial 
“drying” (evaporation of water by heat input), 
“degasification” (pyrolysis - cracking of large organic 
molecules with subsequent release of volatile fractions), 
“gasification” (of the solid carbon by gaseous molecules 
such as oxygen, water, and carbon dioxide), and “oxi¬ 
dation” of the combustible gases (ultimately the oxida¬ 
tion of carbon monoxide and hydrogen). The terms 
“incineration,” “combustion” (like fuel in combustion 
engines), “thermal oxidation,” “thermal treatment,” 
and “gasification for generation of synthetic gas” 
(which will, of course, eventually be subject to some 
form of incineration) are often used interchangeably in 
waste-to-energy. 

Figure 1 illustrates mass and heat transfer in the 
overall process of incineration with the four technically 
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Mass- and heat transfer 


1 Drying 



2 De-gasification (pyrolysis) 

3 Gasification of carbon: 

0 + CO 2 —^ 2 00 

c + h 2 o -> h 2 + CO 
2 C + 0 2 -> 2 CO 


4 Oxidation of gases at high 
temperature: 

2 CO + 0 2 —^ 2 C0 2 

2 H 2 + 0 2 -» 2 H 2 0 


Waste-to-Energy: Fluidized Bed Technology. Figure 1 

The four phases of the incineration process 



Waste-to-Energy: Fluidized Bed Technology. Figure 2 

Pressure drop in gas flow through static and fluidized beds and pneumatic transport 


distinct phases of drying, degasification, gasification, 
and combustion. The overall process of incineration 
can be illustrated by frying/burning a steak: At first the 
meat will shrink due to loss of water (drying), secondly 
it will start to release odorous molecules and visible 
organic fumes due to continued frying until the 
remains of the steak gradually turn into black charcoal 
(completion of degasification), until finally only gray 
ash remains. After gasification of black carbon, only 
a small quantity of ash (containing phosphates, cal¬ 
cium, etc.) will remain from the original large piece of 
a juicy steak. 

The process of combustion is based on heat and 
mass transfer which includes a supply of oxygen neces¬ 
sary for the oxidation as well as the removal of carbon 
dioxide as a major reaction product (which would 


otherwise have the effect of a fire extinguisher). The 
necessary conditions for complete combustion are 
determined by the so-called 3T criteria, that is, “Tem¬ 
perature” (e.g., 850°C), “Time” (e.g., 2 s for the flue gas 
at the required minimum reaction temperature after 
the final supply of necessary oxygen) and “Turbulence” 
(rapid heat and mass transfer including thorough 
mixing of the combustible gases with the necessary 
oxygen in excess of the stoichiometric minimum 
need). The combustion process can effectively be mon¬ 
itored by the important parameters temperature, oxy¬ 
gen, and carbon monoxide. 

The basic principles of fluidized bed reactors can be 
explained by the experiment (see Fig. 2) of a large 
number of particles (e.g., granular materials of defined 
particle size distribution) filled into a vertical cylinder 
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supported by a gas distributor at the bottom and a fluid 
(e.g., combustion air) passing upward through the bulk 
of solid particles. Initially, the particles remain at their 
original static position more or less densely packed. 
This state is like pieces of coal or wood lying on the 
grate of a furnace with air passing from underneath 
through the bed of solid fuel. This fluid regime is called 
“fixed bed.” With further increase of gas flow, the 
pressure drop increases up to the point when the bed 
with the particles starts “bubbling” and some particles 
will be lifted due to aerodynamic forces and start float¬ 
ing like a “fluid.” The fluidized bed behaves much like 
a liquid: It can be stirred; the bed surface remains 
horizontal when the vessel is tilted; the fluidized bed 
flows out like a liquid through a lateral opening; objects 
of greater specific gravity sink whereas those of lower 
specific gravity float; etc. [ 1 ]. 

With even greater gas flow, the particle bed becomes 
more “fluidized” and various forms of “internal circu¬ 
lation” will occur. Eventually, further increase of gas 
flow will carry away the particles, like fine coal being 
pneumatically conveyed and fired in a gas flow. 

The term “fluidized bed” obviously refers to fluid 
dynamics in an intensively mixed system of solid 


particles and gas flow which keeps the particles in 
dynamic movement. Different systems can be described 
according to observation of the technical behavior as 
“bubbling,” “turbulent,” or “circulating” fluidized bed. 
Thus, various manufacturers refer to their system as 
a “bubbling bed,” a “turbo,” or a “circulating” fluidized 
bed. A fluidized bed system can be designed to induce 
specific forced circulation, for example, “internal circu¬ 
lation” (by specific geometry of the vessel - see example 
in Fig. 5) or “external circulation” (adjacent to the main 
combustion chamber is a large cyclone for separation 
of larger solid particles to be returned back into the 
fluidized bed and the hot flue gas leaving the cyclone 
through the afterburning zone). Technical examples are 
given in Figs. 4 and 10. 

The complexity of large waste-to-energy projects is 
illustrated in Fig. 3. The incineration process (e.g., in 
the fluidized bed) may require some pretreatment of 
specific waste materials. 

Figure 4 illustrates a waste-to-energy project with an 
“externally circulating fluidized bed combustion system.” 
The overall process design is also based on Best Available 
Technique (BAT) according to Austrian and EU require¬ 
ments. Specific waste materials are delivered and stored 



Waste-to-Energy: Fluidized Bed Technology. Figure 3 

Overall scheme for the complexity of a waste-to-energy facility [2] 
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WWTP sludge 
auxiliar fuel 
combustion air 


external fluidised 
bed incineration 



steam and electricity generation 

process steam 


combustion boiler ashes fine ashes gypsum 
bed ash 


sludge 


Waste-to-Energy: Fluidized Bed Technology. Figure 4 

Example of waste-to-energy in an externally circulating fluidized bed system 


in closed systems separately prior to incineration in 
the fluidized bed boiler. In this example the multistage 
flue-gas treatment process is effluent free because there is 
no ecologically acceptable discharge of chlorides into the 
river at the given location. 

Technical Features and Limitations for Waste 
Treatment in FBC 

Fluidized bed systems allow for intensive mass and heat 
transfer between the solid particles to be incinerated 
and the flow of gas, thus enabling highest efficiency and 
complete chemical reactions. The three key parameters 
turbulence, temperature, and time can be technically 
controlled in fluidized bed systems within narrow 
ranges. Because of precise control of mass flow (air 
flows as well as fuel supply) the maximum temperature 
can be kept within a very narrow range of around 
900° C, just above the minimum temperature necessary 
for complete gasification and combustion. Therefore, 
combustion in the fluidized bed systems allows for very 


low formation of NO x (nitrogen oxide) due to the 
absence of thermal formation by oxidation of nitrogen 
gas supplied with air for combustion. Such undesirable 
reactions do not occur at temperatures below 1,000°C. 

The combustion process in a fluidized bed and the 
“freeboard” above it are complete. Thus, there are very 
low concentrations of unburned organic substances in 
the solid residues and in the flue gas. 

Due to the precise process control, the excess air 
ratio (i.e., the excess oxygen content in the flue gas) 
after complete combustion can be kept very low includ¬ 
ing the option for controlled recirculation of cleaned 
flue gas extracted after the filter system (necessary 
removal of pollutants) back into the fluidized bed 
system. Reduced quantity of excess air minimizes the 
overall heat losses and atmospheric emissions of the 
system. 

The following schemes in Figs. 5 and 6 illustrate the 
technical concept for precise control of gas flow in 
a waste-to-energy plant with an internally circulating 
fluidized bed as installed in Vienna: A small share of the 
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Waste 
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Waste-to-Energy: Fluidized Bed Technology. Figure 5 

Example of an internally circulating fluidized bed system [9] 


combustion air is the “primary air” necessary for flu¬ 
idizing the bed material. It must be preheated in a heat 
exchanger in order to avoid condensation after mixing 
with high-pressure recirculation gas. The input of “sec¬ 
ondary air” (for complete combustion of gas resulting 
from degasification and gasification of waste in the 
fluidized bed) can be varied by controlled utilization 
of recirculation gas and separately supplied ambient 
air. There is an additional supply of primary air (with¬ 
out need for preheating) by a separate ventilator for 
fostering internal circulation (“rotation”) of the fluid¬ 
ized bed. 

The intensive turbulence also allows for extensive 
sorption processes at the given conditions in the fluid¬ 
ized bed system, especially of sulfur oxide being 


chemically bound to calcium and magnesium oxides. 
These sorption agents are already present in waste 
material or fed into the fluidized bed, for example, in 
the form of calcium carbonate (limestone) or calcium 
hydroxide of defined fine particle size. This feature is 
also effectively used in the combustion of low-grade 
coal in fluidized bed systems with integrated reduction 
of sulfur dioxide emissions by about 90% (without 
secondary measures for sulfur oxide removal). 

The precise control of fluidized bed systems also 
allows for a broad range of fuel properties with respect 
to calorific value. Fluidized bed systems can be 
designed and operated for average fuel mixtures rang¬ 
ing from about 5 to 8 MJ/kg up to values exceeding 
40 MJ/kg (e.g., mixed plastic wastes). In extreme cases, 
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the average calorific value of waste to be incinerated 
can be below 3 MJ/kg (e.g., mechanically dewatered 
sewage sludge), with preheated combustion air (inter¬ 
nal recovery of heat) and some waste flow being partly 
dried in a system utilizing low-pressure steam supplied 
from the own steam turbine. 

The operating range also allows for reduced thermal 
load, e.g., as low as 50% of the maximum design capac¬ 
ity. The controllability of fluidized systems also allows 
for a very short shutdown time in case of an emergency 
because there is almost no unburned fuel within the 
fluidized bed system. In case of a temperature drop 
toward the minimum temperature requirement, auxil¬ 
iary fuel supply or start-up burners can instantly be 
started. The emergency shutdown requires only a few 


minutes (stopping of waste supply, reduction and shut¬ 
off of air supply). 

One of the limitations of fluidized bed systems is 
the maximum allowable particle size suitable for con¬ 
trolled and safe mechanical feeding into the combus¬ 
tion system, for example, screening at 80 mm for 
limiting maximum size of pieces to be fed into the 
fluidized bed. 

The maximum particle size of waste to be expected 
is usually the maximum size technically possible due to 
the collection system. Thus, in the case of some large 
containers in collection of municipal wastes rather 
large particle size must be expected (e.g., a large tire 
together with the wheel rim, mattresses with steel 
wires and springs, large containers with unknown 


Incinerator Boiler E-precipitator 



Waste-to-Energy: Fluidized Bed Technology. Figure 6 

Example for air and gas flow in an internally circulating fluidized bed system [3] 


Waste-to-Energy: Fluidized Bed Technology. Table 1 Comparison of technologies for waste-to-energy 


Parameter 

Incineration technology 

Grate 

Fluidized bed 

Rotary kiln 

Maximum fuel capacity per line 

Approx. 90 MW 

Approx. 160 MW 

Approx. 40 MW 

Excess air (oxygen) ratio (specific quantity of flue gas) 

Medium 

Low 

High 

Range of calorific value for waste and waste-derived fuel 

Low 

High 

Medium 

Fuel processing requirements 

Low 

High 

Medium 

Controllability of incineration and shutdown operation 

Medium 

High 

Low 
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Waste-to-Energy: Fluidized Bed Technology. Table 2 Allocation of selected wastes to specific incineration technologies 



Incineration technology 


Type of waste 

Grate 

Fluidized bed 

Rotary kiln 

Mixed municipal solid waste (Residual mixed waste) 

Well-suited 

Pretreatment 

required 

Suitable 

Sewage sludge 

Limited in terms of 
quantity 

Well-suited 

Suitable 

Screening material from sewage treatment 

Suitable 

Pretreatment 

required 

Limited 

suitability 

Shredded plastic wastes 

Limited in terms of 
quantity 

Well-suited 

Limited 

suitability 

Scrap tires (from vehicles) 

Limited suitability 

Unsuitable 

Limited 

suitability 

Shredder waste (from metal scrap recycling) 

Limited in terms of 
quantity 

Well-suited 

Limited 

suitability 

Shredded waste wood (e.g., from processing bulky wastes) 

Well-suited 

Well-suited 

Suitable 

Lacquer and paint sludge,oil sludges 

Unsuitable 

Suitable 

Suitable 

Wastes in closed containers (e.g., medical and laboratory waste) 

Limited suitability 

Unsuitable 

Suitable 



Waste-to-Energy: Fluidized Bed Technology. Figure 7 

Waste-to-energy facilities at Simmering, Vienna: 4 fluidized bed and 2 rotary kilns 


content, etc.). Therefore, this type of waste with broad 
ranges of size and properties might require presorting 
or mechanical shredding prior to combustion in a 
specific fluidized bed system. The specific limitations 


on the maximum size and shape of waste for the tech¬ 
nical feeding system as well as for the removal of coarse 
inert parts after incineration (which is removal of bed 
material and ashes) must be considered. In comparison 
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to fluidized bed systems, the typical grate systems for 
waste incineration are more suitable for typical large 
parts in unsorted municipal solid waste. 

Some waste materials are neither suitable for fluid¬ 
ized bed nor for grate systems due to a broad range of 
(often unknown) potentially hazardous properties. 
Therefore, large rotary kilns with an integrated 
afterburning chamber are typically used for various 
mixes of hazardous wastes or closed containers with 
partly unknown content (e.g., infectious and other 
medical wastes, laboratory wastes). Tables 1 and 2 
provide a general comparison of fluidized bed systems 
with other important systems for thermal waste treat¬ 
ment and waste-to-energy such as grate systems and 
rotary kiln (including an afterburning chamber). 

Fluidized bed systems operate with high turbulence 
in the combustion process. This allows for the recovery 


of larger size of clean (like sandblasted) solid particles 
from the coarse bed material, but will also yield large 
quantities of very fine ash (although with a low content 
of unburned residues). This is of advantage with 
respect to maximum recovery of specific materials, 
but it may be a general disadvantage for disposal of 
untreated solid residues at lower costs. The quantity of 
(naturally fine) fly ash in a grate system firing typical 
municipal waste may be only about 10% of the total ash 
content, whereas in case of a fluidized bed, fly ash may 
be about 60-80% of the total ash quantity. Therefore, 
some fluidized bed systems use additional cyclones for 
particulate removal from flue gas in the boiler system at 
about 400° C in order to recover most of the (coarse) fly 
ash in a nonhazardous quality (no condensed pollut¬ 
ants such as metal chlorides at such temperature and 
no water-soluble chemical reaction products before 


Overall mass balance 

(effluent-free dry gas treatment) 



Waste-to-Energy: Fluidized Bed Technology. Figure 8 

Overall mass balance for a fluidized bed system for residues from sewage treatment 
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injection of sorption agents into the flue gas). Slag from 
municipal waste combustion on grate systems is gen¬ 
erally qualified as a nonhazardous material with the 
option of disposal at low cost in landfills. 

Specific attention must be given to the potentially 
high content of metallic aluminum in waste combus¬ 
tion for two reasons: economic opportunity for recov¬ 
ery and recycling of aluminum and the potential risk of 
operational problems and hazardous properties of fine 
ash. Aluminum content in municipal waste has signif¬ 
icantly risen throughout the last years (packaging, lam¬ 
inated materials, various aluminum products). 
Aluminum alloys have a melting point around or 
somewhat below 700° C; thus, metallic aluminum will 
be completely “dissolved” at such temperatures in the 
turbulence of fluidized bed systems. The very fine alu¬ 
minum droplets (with a very stable surface of a thin 
layer of protective aluminum oxide) will be carried by 
the flue gas and will eventually either adhere in layers 
on surfaces with lower temperatures (also causing risk 
for sudden exothermic reactions) or become part of the 


removed fine ashes. These ashes have naturally high 
alkalinity and thus the fine aluminum will react in 
case of contact with water with the release of hydrogen 
gas (up to 1.3 1 of H 2 per g of Al). Therefore, systems 
with temperatures below 650° C in the fluidized bed 
allow for recovery of aluminum parts in removal 
from coarse bed material. Systems operating at higher 
temperatures must strictly limit the maximum allow¬ 
able content of metallic aluminum in ashes by operat¬ 
ing with appropriate waste fuel mixes (including 
automated removal of nonferrous metallic parts before 
entering a combustion process). 

The types and installed capacities of specific waste- 
to-energy technologies may vary significantly between 
various regions. According to many years of experience 
in Austria and some other European countries, the 
different technologies for thermal waste treatment 
and waste-to-energy are needed and applied. 

The example of the city of Vienna and the more 
industrialized state of Upper Austria illustrate the 
successful operation of various technologies for 


condensation 


flue gas loss radiation loss 

3.8 MW 0.3 MW 


8.9 MW heat loss el. consumers 

(5.9 MW) 1 MW 1.2 MW 



LP Steam 


Waste-to-Energy: Fluidized Bed Technology. Figure 9 

Energy balance for a fluidized bed system for residues from sewage treatment 
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waste-to-energy. Vienna operates four fluidized bed 
systems for sewage sludge and waste-derived fuel 
including mechanically pretreated municipal waste, 
seven grate systems for mixed residual municipal 
wastes, and two rotary kilns for hazardous wastes, the 
latter two serving all of Austria and some imports from 
other European countries. 

In Upper Austria there is a larger capacity of 
fluidized bed systems operating with residual munic¬ 
ipal waste than grate systems, plus additional fluid¬ 
ized bed systems for energy recovery from biomass 
wastes (e.g., mixed waste wood from processing 
of bulky wastes, bark and sawdust from wood 
processing, reject materials from paper recycling, 
residues from industrial and municipal wastewater 
treatment, etc.). 

Selected Concepts and Reference Projects for FBC 

Fluidized bed systems have been used for gasification 
and combustion for many decades throughout Europe 


and other industrialized countries [1]. Since the late 
1960s and 1970s, treatment of waste water and sewage 
has become a high priority for municipalities and large 
industry. Subsequently, the need for sewage sludge 
treatment became obvious. Thus, an increasing num¬ 
ber of fluidized bed systems were installed throughout 
the Western countries in order to treat those residues 
by thermal conversion (incineration). The first signifi¬ 
cant price increase for fossil fuels encouraged industry to 
utilize their burnable wastes (e.g., bark from processing 
wood in the pulp and paper industry) together with 
residues from mandatory wastewater treatment in 
appropriate boilers. Of course, these waste-to-energy 
plants also needed to be suitable for burning various 
types of coal for heat and power supply to the industrial 
production. 

In 1980, two fluidized bed incinerators, based 
on the principle of “bubbling bed” (stationary fluidized 
bed), were installed in Vienna for treatment of 
mechanically dewatered sewage sludge with auxiliary 
fuel of waste oil or heating oil as needed. These 



Waste-to-Energy: Fluidized Bed Technology. Figure 10 

Layout of a waste-to-energy "circulating fluidized bed system" based on the successful project in Lenzing [10] 
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waste-to-energy plants are still in successful operation 
today, together with an additional similar fluidized bed 
system installed in 1992 [4] . For the purpose of standby 
and guaranteed treatment of all sludge generated at all 
times and for the purpose of waste-to-energy from 
pretreated municipal wastes an additional fluidized 
bed incinerator was installed at the same site in 2003. 
This incinerator is also a stationary system, but with 
a “rotating bed,” also referred to as an “internally cir¬ 
culating fluidized bed” system (see Figs. 5 and 6). The 
overall performance of the four fluidized bed incinera¬ 
tors together with the two rotary kilns for hazardous 
wastes (plus a small rotary system for pretreatment 


of consumer batteries) at the site of Simmering is 
presented in Fig. 7. It should be noted that these facil¬ 
ities are situated next to the sewage treatment plant in 
the central area for vegetable production in Vienna - 
with full public acceptance of local residents. 

The overall mass and energy balance for thermal 
treatment of residues from a large municipal wastewater 
treatment in a fluidized bed system is presented as exam¬ 
ple in Figs. 8 and 9. In order to operate the plant solely on 
residues from municipal sewage treatment (without aux¬ 
iliary fuel), part of the mechanically dewatered sludge is 
dried in a machine operated with low-pressure steam 
from the waste-to-energy cogeneration facility. 
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Waste-to-Energy: Fluidized Bed Technology. Figure 11 

Scheme for integrated waste-to-energy in the industrial production at Lenzing 
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Waste-to-Energy: Fluidized Bed Technology. Figure 12 

View of the industrial site Lenzing within a region of 
tourism and organic farming [2] 


Fluidized bed systems for waste treatment and 
recovery are successfully in operation with small fuel 
(i.e., thermal generation) capacities below 5-10 MW in 
Europe. Examples include energy recovery with ORC 
(Organic Rankine Cycle) and simultaneous recovery of 
the mineral sand fraction from bituminous waste prod¬ 
ucts at an industrial production site as well as a small 
plant for incineration of various solid, pasteous, and 
liquid hazardous wastes. 

Large waste-to-energy facilities (up to 160 MW 
fuel capacity per line) for cogeneration of process 
heat and electricity at industrial sites are typically 
based on “externally circulating fluidized bed systems,” 
as illustrated by the example of Lenzing in Upper 
Austria (see Figs. 11 and 12). This project was devel¬ 
oped and planned in 1993 with subsequent heated 
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Waste-to-Energy: Fluidized Bed Technology. Figure 13 

Energy utilization with a condensing turbine compared to cogeneration presented by the example of waste-to-energy at 
the more appropriate industrial site Lenzing 
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Control of cleaned flue gas from waste incineration 
(Example: RVL Lenzing) 



Comparison of emission limits: 
Figures in mg/Nm 3 (11 % 0 2f dry) 
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Waste-to-Energy: Fluidized Bed Technology. Figure 14 

Composition of atmospheric emissions and standards for the waste-to-energy project in 1994 in comparison to actual 
performance in 2002 and strictest legal emission standards 
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Calculation: 

Car exhaust contains approx. 20 g C-org / kg fuel 

Flue gas of the incineration plant contains less than 1,980 g C-org / h 

Waste-to-Energy: Fluidized Bed Technology. Figure 15 

Illustration for organic pollutants from the waste-to-energy plant compared with passenger cars (example [2]) 


discussions in the media and public hearings, nev¬ 
ertheless resulting in a successful start-up of oper¬ 
ation in 1998. Based on the experience and know¬ 
how derived during optimization of this first plant 


of its kind, several more such large waste-to-energy 
plants have been built or are currently under con¬ 
struction by the supplier, ANDRITZ Energy & 
Environment (see Fig. 10). 
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1 ng = 10“ 9 g =0,000 000 001 g 
1 pg = 10“ 12 g =0,000 000 000 001 g 




? 



Effect 



Risk assessment: 


The precautionary protection 
standard (federal health bureau, 
Berlin) is 1 pg / kg weight and day 
(factor 1000 safety compared with 
NOEL - No Observeable Effect 
Level). In the worst case a person 
inhales 0,012 pg dioxin with ca. 
20m 3 air per day. In comparison 
the protection standard for a 60 kg 
person is 60 pg/day. Therefore the 
inhaled maximum is less than Viooo 
of the protection standard. Thus 
the additional risk can be 
considered irrelevant. 


No increased health risk due to very small concentration of dioxins 
in the cleaned flue-gas of the waste incineration facility. 


Waste-to-Energy: Fluidized Bed Technology. Figure 16 

Risk assessment for atmospheric emissions of "dioxins" (example [2]) 


Assumption: 3 cigarettes per day - marginal 

value of impact (no effect observable) 

Thus the precautious protection 
standard (=1/1000) is equivalent 

to 1 cigarette per year. 



Conclusion : An incineration plant with multi-stage flue gas cleaning is 
factor 1.000 below the protection standard 

thus = equivalent to 1 additional cigarette in 1,000 years 


Waste-to-Energy: Fluidized Bed Technology. Figure 17 

Illustration for risk assessment in comparison with cigarettes 


Waste-to-Energy: Fluidized Bed Technology. Table 3 Development of emissions from waste incineration according to 
state-of-the-art in Austria and Switzerland [2] (figures in mg/m N 3 , PCDD/F in (TEQ) ng/m n 3 ) 


Year 

Dust 

Cd 

HCI 

so 2 

NO x 

Hg 

PCDD/F 

1970 

100 

0.2 

1,000 

500 

300 

0.5 

50 

1980 

50 

1.1 

100 

100 

300 

0.2 

20 

1990 

1 

0.005 

5 

20 

100 

0.01 

0.05 

2000 

1 

0.001 

1 

5 

40 

0.005 

0.05 
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Figures for plants > 50 MW in mg / m 3 N at 11 % 0 2 , dry. 



production incineration boiler boiler incineration 


Industrial production 


Steam- / energy 


Thermal waste 

processes 


production 


treatment 


*) Special legal permit available up to 318 mg / m 3 
**) Depends on the process 


Waste-to-Energy: Fluidized Bed Technology. Figure 18 

New source performance standards for flue gas from different industrial incineration processes in Austria 


Emissions and Environmental Impact Assessment 

Emissions and the assessment of environmental impact 
from a large waste-to-energy plant with fluidized bed 
technology can be presented based on the extensive pub¬ 
lic discussions in 1993/94 in Austria around the project in 
Lenzing. There were fundamental objections to such pro¬ 
jects because of the fear of pollution from waste inciner¬ 
ation by the local population and also due to strong 
opposition from the competing waste disposal industry 
outside of the planned project. Furthermore, the legal 
ban on disposal of wastes exceeding 5% TOC (total 
organic carbon) in landfills had not yet been established 
and was open for controversial public discussion. 

Figure 11 summarizes the basic concept and tech¬ 
nical features of the waste-to-energy project based on 


a fluidized bed system in Tenzing for comprehensive 
public information. 

In extensive public discussions, justification for the 
considerable size of the project (thermal power of 
approx. 110 MW which allowed for the incineration 
of up to 1,000 t of waste per day) and the choice of the 
location (surrounded by organic farms and by the 
tourist region of Fake Attersee as depicted in Fig. 12) 
was successfully presented using the following three 
arguments: 

1. Steam requirement for the industrial produc¬ 
tion of Tenzing (elimination of two old boilers 
from 1938/1939 at the site of the new plant, 
substitution of imported natural gas by waste- 
to-energy) 
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2. Improvement of local air quality by utilization of 
the malodorous air emitted from viscose fiber pro¬ 
duction for the necessary combustion air in the 
waste-to-energy boiler 

3. Avoiding future disposal of reactive organic wastes 
in landfills (so-called reactor dumps), thus avoiding 
uncontrollable emissions from landfills and con¬ 
taminated sites for future generations 

The argument in favor of the proposed capacity 
at the highest level of energy efficiency in a fluidized 


bed boiler with high steam parameters (80 bar, 500° C) 
for cogeneration (based on continuous demand for 
process steam throughout the year) was illustrated by 
the comparison to a municipal waste incineration 
plant (with maximum production of electricity in 
a condensing turbine) as indicated in Fig. 13. 

The fear of uncontrolled atmospheric emissions 
and possible adverse health impacts was of highest 
concern to local citizens in public discussions. Therefore, 
providing continuous measurements and monitoring of 
all relevant parameters was a priority. The development 


Future-oriented Systems 

for Sustainable Waste Management 



Priority Measures for 
Prevention of Wastes 


Source Separation/Collection of 
Separated Wastes 


Recycling (Utilization of 
Waste Derived Materials 


Disposal of Solid 
Residues in Landfills 


Austria has implemented a legal ban on the disposal of hazardous waste and 
other untreated solid wastes exceeding 5% organic carbon in landfills. 

Know-how transfer and cooperation can effectively reduce future costs. 


m 

UVzP 


UVfiiP ENVIRONMENTAL MANAGEMENT AND ENGtNEERING NEUBACHER & PARTNERS 

A-1020 Vienna. LassaNestiasse 42 Top 14. Austria 

Phone +43-1-214 95 20-0. Fax -20, ofrice@uvp.at, www.uvp.al 


Waste-to-Energy: Fluidized Bed Technology. Figure 19 

Integrated system for sustainable waste management 
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Specific treatment and utilization of: 


• separate collection and treatment of 
infectious and other hazardous organic 
wastes (hazardous waste incineration) 

• mixed municipal waste (garbage) 

• bulky municipal wastes 

• construction and demolition wastes 

• materials for recycling 

(e.g. paper, cardboard, glass, PET) 

• green wastes 

• food and kitchen wastes 

• materials for specific treatment 
(e.g. batteries, tires) 


Separated collection of 



municipal bulky 
waste wastes 


Waste-to-Energy: Fluidized Bed Technology. Figure 20 

Separate collection of municipal wastes for recovery of materials and energy 



Waste-to-Energy: Fluidized Bed Technology. Figure 21 

Projected aerial view of waste-to-energy plant in Austria 
(design by architect H. Ganguly) 


and planning of the waste-to-energy project was based 
on the most stringent emission standards worldwide 
(!). The public was also informed about the compo¬ 
sition of the cleaned flue gas leaving the (already 
existing 152 m high) smokestack (see also Fig. 14). 


Subsequently, public concerns were expressed regard¬ 
ing the unknown organic pollutants as indicated by the 
summary parameter TOC (total organic carbon). 
However, the comparative calculation shows that the 
maximum allowable emission through the smokestack 
is equivalent to the organic carbon emissions of 
14 passenger cars driving somewhere in the region 
(e.g., on the nearby highway Al, see Fig. 15). 

The public discussion also showed great concern of 
some citizens for the need to analyze each delivery of 
incoming waste in order to be informed of the mate¬ 
rials to be incinerated. However, the public has also 
been informed regarding the mass and emission bal¬ 
ances for all of the six critical elements for thermal 
waste treatment processes. These include chlorine (pre¬ 
dominant pollutant in various waste), fluorine, sulfur 
(predominant pollutant in some wastes, high load 
in the off-gas used for combustion air in the case 
of Lenzing), mercury (extremely volatile and toxic), 
cadmium (medium volatile and very toxic), and chro¬ 
mium (not volatile, but toxic in the water-soluble form 
of Chromium (VI) ). Thus, further chemical analyses are 
to be carried out only in the case of unknown produc¬ 
tion wastes and if there is suspicion of potentially high 
pollution load. The planned waste-to-energy plant will 
be equipped and operated to comply with the emission 
standards under all circumstances, also with the under¬ 
standing that waste incineration in a fluidized bed can 
be halted within minutes in case of an emergency. 






Waste-to-Energy: Fluidized Bed Technology 


W 


11869 


Solid fuel Sludge 



Centrifuge 


NH 4 (OH) 

Wastewater treatment 


Screenings 

Q 


\ District heating 


Cooling water 


Flue gas treatment 


Combustion air 


J 

B Rec\ 

Be 


<3 


Combustion and steam generation 

FB Recycling Sand 


Coarse Residues 


Coarse Ash 


Fine ash 


Gypsum Sludge 


Waste-to-Energy: Fluidized Bed Technology. Figure 22 

Waste-to-energy plant for processing municipal solid waste and residues from recycling and treatment of sewage in the 
region of Linz 


Finally, some citizens (including lobbyists opposed 
to the waste-to-energy project) articulated concerns 
about the most dangerous emissions in the form of 
“dioxins” The answer was already prepared by a 
risk assessment based on a maximum allowable emis¬ 
sion of 0.1 ng TE/m 3 (TE = toxicity equivalent 
of poly-chlorinated di-benzo-dioxins and -furanes 
expressed in 2,3,7,8 TCDD) and on the results of 
a dispersion model with meteorological data for an 
entire year measured onsite. The overall response 
presented by independent medical experts indicated 
a hypothetical, but extremely small additional risk 
(see Fig. 16). This risk was illustrated to the public by 
comparing the numbers with smoking a cigarette. 
Comparatively speaking, the amount of dioxin emitted 
from the waste-to-energy plant equals smoking one 
additional cigarette in 1,000 years, if the precautionary 
value for protection of health is supposed to be the 
maximum of one cigarette per year (see Fig. 17). 

The discharge of dissolved chlorides within 
the small quantity of treated wastewater effluent 
(after removal of all heavy metals in multistage 


wastewater treatment) has been of no public con¬ 
cern due to the relatively small quantity in com¬ 
parison to chlorides used for ion-exchange in the 
softening of hard water and salt applications on 
roads against ice in winter. 

The negative public opinion regarding emissions 
from waste incineration is generally due to several fac¬ 
tors: ignorance of the facts and figures and past achieve¬ 
ments in making waste-to-energy an environmentally 
friendly option (as indicated by the development of 
atmospheric emissions according to state-of-the-art in 
Austria and Switzerland - see Table 3). The comparison 
of strict emission standards for various new sources of 
industrial production and heat and power generation 
indicates the outstanding environmental standard of 
waste-to-energy (Fig. 18). 

Future Perspectives 

Sustainable waste management will require an inte¬ 
grated approach for recycling and recovery based on 
material separation. Various specific technologies for 
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Waste-to-Energy: Fluidized Bed Technology. Figure 23 

Processing of end-of-life vehicles in Austria and EU that includes material and energy recovery from automobile shredder 
residues 


treatment of separated wastes are needed including 
thermal processes in context with recovery of materials 
and energy as illustrated in Fig. 19. 

In the case of municipal waste management, waste- 
to-energy is needed for residues from recycling and mate¬ 
rial recovery as well as for mixed municipal wastes 
(Fig. 20). For practical purposes, fluidized bed systems 
for waste-to-energy at appropriate locations (with con¬ 
tinuous demand for heat throughout the year, industrial 
infrastructure, and competence in operation and mainte¬ 
nance) should be considered as an option for integrated 
sustainable waste management in the future. The latest 
project in Central Europe for industrial waste-to-energy 
has been planned for integration into an existing card¬ 
board recycling and production facility with a continuous 


demand of steam and electricity throughout the year. The 
planned project will substitute for imported natural gas 
and will use reject materials and other residues from 
paper and cardboard recycling for waste-to-energy in 
a fluidized bed boiler. The planned thermal capacity is 
160 MW suitable for up to 450,0001 of waste fuel per year. 
The architectural design of the planned facility illustrates 
the option for aesthetic harmony with the surrounding 
environment (see Fig. 21). 

The following example of waste-to-energy for district 
heating and power generation illustrates integrated waste 
management for the region of Linz in Upper Austria (see 
Fig. 22). This plant will start operations in 2011 [5] . It is 
designed for a fuel capacity of 72.6 MW and allows for 
the utilization of 200,000 t of various residues from 
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recycling and sewage treatment as well as for mechan¬ 
ically pretreated mixed municipal solid waste. The flu¬ 
idized bed system comprises a sophisticated air control 
and distribution system that allows for highest effi¬ 
ciency in combustion and also for very low emissions 
[6] . This plant is located in the central area of the city of 
Linz and has been permitted based on a positive 



Waste-to-Energy: Fluidized Bed Technology. Figure 24 

TwinRec core components gasifier and ash melting 
furnace [5] (© Ebara Environmental Plant Co., Ltd.) 


Environmental Impact Assessment without any objec¬ 
tion from neighbors and citizens. 

The future challenges for waste-to-energy in fluid¬ 
ized bed systems include recovery of valuable materials 
prior, during, or after the thermal treatment process. 
This will be especially relevant for the treatment of 
shredder residues from end-of-life vehicles and other 
wastes containing metals and rare elements. The 
increase of recovery mandated in the European Direc¬ 
tive 2000/53/EC on end-of-life vehicles to 95% (includ¬ 
ing 85% of reuse and material recovery) by 2015 will be 
a significant challenge for adaptation and further devel¬ 
opment of fluidized bed technologies (see Fig. 23). 
Such a solution may be provided by the Ebara inter¬ 
nally circulating fluidized bed system (operating at 
around 600° C) followed by high-temperature combus¬ 
tion at around 1,400°C in an ash melting furnace that 
has been developed and is operating in Japan [7] 
(Figs. 24 and 25). 

Waste-to-energy plants require a continuous fuel 
supply. However, waste-to-energy plants need planned 
shutdown times of typically 3 weeks or longer for 
maintenance, plus some for unexpected necessary 
repairs. Therefore, it is necessary to provide for inter¬ 
mediate storage of the feedstock to the plant. 



Waste-to-Energy: Fluidized Bed Technology. Figure 25 

Combined energy and material recovery at the Aomori plant [5] (© Ebara Environmental Plant Co., Ltd.) 
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altitude 


A 



array 


Cornerstone made of 
concrete for crash protection. 

It can also be used as a base 
for a lighting pole or a hydrant. 


position 


Waste-to-Energy: Fluidized Bed Technology. Figure 26 

Logistic and intermediate storage in view of environmental protection and fire safety (Patent applications A 1037/2008, 
PCT/EP 2009/050238) 


Technical guidelines have been developed for envi¬ 
ronmentally safe storage of different high-calorific and 
organic wastes [8]. As discussed in other entries in the 
waste-to-energy section of this encyclopedia, the bunker 
of a waste-to-energy plant can be designed to store up to 
2 weeks of incoming wastes; when longer periods of 
storage are required, the wastes can be baled as illustrated 
in Fig. 26, based on proven know-how and experience in 
Europe. Cylindrical bales of approximately 1.2 m diam¬ 
eter and height can allow for a storage capacity of up to 
60,000 t of solid wastes per hectare. Specific features for 
prevention of fire hazards and adverse environmental 
impacts of this method of storage and transport of wastes 
have been developed in Austria [8]. 
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Glossary 

Agricultural water Water used for crop production 
and livestock uses. 

Concentrate (also called retentate) The portion of 
the feed stream that contains salts rejected from 
the membrane system. The term can also refer to 
the rejected mixed liquor suspended solids (MLSS) 
in a membrane bioreactor (MBR) process, which is 
recycled or wasted to maintain a given biomass 
concentration in the biological treatment process. 

Conventional treatment Technologies such as acti¬ 
vated sludge and trickling filters that remove BOD 
and suspended solids from wastewater. Conventional 
treatment technologies are often coupled with anoxic 
and anaerobic processes for nutrient removal. 

Direct potable reuse Introduction of reclaimed water 
directly into a drinking water distribution system, 
without intervening storage or additional treatment. 

Indirect potable reuse Augmentation of a raw water 
supply with reclaimed water followed by an envi¬ 
ronmental buffer. The mixture of raw and 
reclaimed water typically receives additional treat¬ 
ment before distribution as drinking water. 

Membrane bioreactor (MBR) A process that com¬ 
bines a suspended growth activated sludge reactor 
with a membrane separation system. Membrane 
separation is accomplished by either microfiltration 
or ultrafiltration and used in place of conventional 
gravity sedimentation. 

Pathogens Disease-causing organisms capable of 
inflicting damage on a host it infects. 

Potable water Water deemed safe for human con¬ 
sumption, food preparation, and bathing. 

Reclaimed water Municipal wastewater that has gone 
through various treatment processes to meet spe¬ 
cific water quality criteria with the intent of being 
used in a beneficial manner. 

Renewable water resources The water entering 
a country’s surface and groundwater systems. Not 
all of this water can be used because some falls in 
a place or time that precludes tapping it even if all 
economically and technically feasible storage and 
diversion structures were built. 

Secondary treatment Activated sludge treatment, com¬ 
monly with nitrification, used for the removal of 
soluble organic matter and particulate constituents. 
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Trace organics Organic compounds detected at very 
low (minute) levels by the use of sophisticated 
instrumentation capable of measuring concentra¬ 
tions in the range of 10“ 12 to 10“ 3 mg/L. 
Wastewater reclamation Treatment or processing of 
wastewater to make it reusable with definable treat¬ 
ment reliability and meeting appropriate water 
quality criteria. 

Wastewater reuse The use of treated wastewater for 
a beneficial use, such as agricultural irrigation and 
industrial cooling. 

Wastewater Used water discharged from homes, 
business, cities, industry, and agriculture. Various 
synonymous uses such as municipal wastewater 
(sewage), industrial wastewater, and stormwater. 

Definition of the Subject 

Wastewater can be defined as used and contaminated 
water, mainly through human activities, which is 
adversely affected in quality by anthropogenic influ¬ 
ence. The meaning of reclamation is the process of 
artificially converting an unusable entity to one that is 
usable. Accordingly, the definition of wastewater recla¬ 
mation is the process of reclaiming wastewater into 
a reusable form by artificial treatments. Through the 
treatment processes, the reclaimed water is able to meet 
appropriate water quality criteria so it can be returned 
to the environment to augment the natural systems 
from which it came, or reused for numerous purposes 
related to human activities. The reuse of reclaimed 
wastewater makes two important contributions. The 
first is to produce sustainable water resources, and the 
second is to reduce adverse environmental effects. 
Furthermore, if wastewater could be completely 
reclaimed, it would be possible to have zero discharges 
in the water recycle between humans and the natural 
environment. 

Introduction 

The total amount of water on the earth rarely changes 
due to external impacts, but the world now suffers from 
a scarcity of usable water, which is due to the disloca¬ 
tion of the earth’s water cycle, with the main reason 
being climate change. It is true that rapid industriali¬ 
zation and population growth have been accelerating 
climate change and contributing to the increasing 


scarcity of water around the world. Many countries 
are making great endeavor to overcome the water 
shortage problem by acquiring sustainable water 
resources via three main technologies; seawater desali¬ 
nation, rainwater harvesting, and wastewater reclama¬ 
tion. The properties of each of these technologies will 
be introduced in section “Sustainable Water Resource.” 
All human activities use water, and this used water is 
discharged as wastewater (including sewage water and 
other discharged waters). The wastewater discharged 
from everywhere (e.g., homes, business, cities, indus¬ 
try, agriculture, and stormwater runoff) is treated in 
wastewater treatment plants to produce treated waste- 
water, called wastewater effluent, which will mix with 
natural water (e.g., river and lake). Target sources for 
wastewater reclamation include wastewater, wastewa¬ 
ter effluent, and further treated wastewater effluent, but 
reuse of wastewater itself is significantly limited due to 
the water quality required for safe reuse. Technologies 
for wastewater reclamation are manifold according to 
the required purpose and water quality criteria. The 
applications of reclaimed water are categorized as fol¬ 
lows: agricultural irrigation, landscape irrigation, 
industrial recycling and reuse, groundwater recharge, 
non-potable urban uses, and potable uses (see section 
“Applications and Water Qualities for Using Reclaimed 
Water”). The wastewater reclamation technologies can 
be divided into two types, conventional (processes 
installed in municipal wastewater treatment plants) 
and advanced (processes mainly related to membranes, 
such as membrane bioreactor, microfiltration, ultrafil¬ 
tration, nanofiltration, and reverse osmosis for shifting 
wastewater to high-quality reclaimed water). For the 
most part, these methods are derived from physical, 
chemical, and biological treatment processes operated 
at municipal wastewater and drinking water treatment 
plants. The technical review of both conventional and 
advanced technology for wastewater reclamation will 
be discussed in sections “Conventional Treatment 
Practice” and “Advanced Technologies for Producing 
High-Quality Reclaimed Water.” The keyword, 
“energy,” is a critical issue around the world along 
with “water.” Even though wastewater can be reclaimed 
as drinking water, it should be noted that the energy 
consumption of the applied technology is acceptable 
for its beneficial use. In the case of seawater desalina¬ 
tion, a recent technical shift from thermal type to 



Wastewater Reclamation 


W 


11875 


reverse osmosis has been brisk because an energy- 
efficient plant is necessary for entering world markets. 
In section “Energy Consumption: Comparison of 
Wastewater Reclamation with Desalination,” a compar¬ 
ative survey is presented for the energy consumption 
level between wastewater reclamation and seawater 
desalination. According to the applications for which 
the reclaimed water will be used, treatment goals are 
various. 

Describing Wastewater Reclamation 

Sustainable Water Resource 

At global level, water source on Earth is abundant in 
nature, but the water source that is allowed to be 
accessed by humans is not enough. Over 97% of 
water on Earth is salt water; the remaining 5% is 
freshwater, including glaciers, groundwater, and sur¬ 
face water. Also, only 0.3% of the freshwater is surface 
water that can be easily used by humans. The global 
water cycle describes the continuous movement 
of water on Earth. Rivers flow into the oceans and 
seas, and the sun heats this water, which is the driving 
force of the water cycle. The heated water moves from 
oceans to land through a process of evaporation —> 
condensation —> precipitation, by which water 
becomes sustainable on land, supplying humans with 
sufficient water. However, the water cycle has changed 
due to global warming. Climate change has caused 
more frequent, severe rainfall and snowfall in some 
regions, and intensive drought in other regions, 
resulting in a significant reduction in the availability 
of renewable water resources for humans. In addition, 
the centralization of population into cities and indus¬ 
trial areas has made the use of various water sources 
difficult. About one third of the world’s population 
(= about 6.8 billion in 2010) currently faces moderate 
to severe water shortages. An estimated 25% of the 
world population lacks access to clean drinking water 
and protection from waterborne diseases (US Census 
Bureau - World POPClock Projection). Recently, great 
efforts have been made to solve this water scarcity 
problem by finding alternative and sustainable water 
resources, which are classified into three main catego¬ 
ries; rainwater harvesting, seawater desalination, and 
wastewater reclamation. First, a water storage device, 
such as a dam or reservoir, needs to be constructed that 


can store water when it rains. Rainwater harvesting 
used to be the best way to conserve water from flowing 
into seas and oceans, but there are many constraints 
on this method. First of all, building a dam causes 
deterioration of the water quality. Furthermore, it is 
unsuitable for securing sustainable water because pre¬ 
cipitation and the time for rain cannot be controlled. 
Second, desalination could be a solution for changing 
unusable (seawater) into available water (freshwater). 
In this case, seawater can be classified as an unlimited 
water resource. However, there are space restrains 
because this water resource only exists on the sea 
shore. Third, wastewater reclamation is the most 
popular way to produce usable water from wasted 
water. Wastewater reclamation could surpass the lim¬ 
itations of the other reclamation methods, because 
wastewater is produced everywhere human activities 
take place. 

Applications and Water Qualities for Using 
Reclaimed Water 

A summary of categories for the application of 
reclaimed water is given in Table 1. The largest use of 
reclaimed water is for agriculture irrigation in most 
areas of the world. In 2002, about 46% of the total 
reclaimed water produced in California was used for 
agricultural irrigation (State of California 2003, 2004). 
Australia utilized 82% of their reclaimed water supply 
for agricultural irrigation in 2000 (Australian Bureau of 
Statistics 2004). In Israel, one of the most arid coun¬ 
tries, it is estimated that 230 wastewater reclamation 
systems are in operation, recycling 72% of the munic¬ 
ipal wastewater produced, primarily agricultural irri¬ 
gation. The water supply from reclaimed water 
comprises about 15% of Israel’s water recourses. In 
general, landscape irrigation is a major portion of the 
urban use of reclaimed water. For example, the Irvine 
Ranch Water District in southern California estimates 
that more than 70% of their total water use is for 
landscape irrigation. According to the data, the States 
of California and Florida are two largest users of 
reclaimed water in the United States, with golf course 
irrigation being major use of reclaimed water, compris¬ 
ing 50% and 36% of the total landscape irrigation use 
in each States, respectively. This indicates that land¬ 
scape irrigation is a viable option for reducing the 
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Wastewater Reclamation. Table 1 Applications of reclaimed water [14] 


Main category 

Subcategory 

Examples 

Agricultural 

Food crops 

Crop grown for human consumption and consumed uncooked 

irrigation 

Nonfood crops and 
others 

Fodder, fiber, seed corps, pastures, commercial plant nurseries, sod farms, and 
commercial aquaculture 

Urban uses 

Non-potable use 

Landscape irrigation (parks, playgrounds, school yards, golf courses, cemeteries, 
greenbelts, and residential), fire protection, construction, ornamental fountains, 
road care/maintenance, car washing and in-building uses (toilets and air- 
conditioning) 


Potable use 

Direct pipe to pipe water supply, blending with municipal water supply 
(reservoirs and groundwater) 

Industrial uses 

- 

Cooling water, boiler feed, process water, construction activities, and washdown 
water 

Environmental 

Recreational use 

Lakes and ponds used for swimming and snowmaking, fishing, and boating 

uses 

Environmental 

enhancement 

Artificial wetlands, enhanced natural wetlands, sustained stream flows, and marsh 
enhancement 


Groundwater 

recharge 

Groundwater replenishment, salt water intrusion control, and subsidence control 


demand on potable water and decrease wastewater 
discharges to the environment. Industries commonly 
tend to use water at a relatively constant rate through¬ 
out the year compared to the seasonal and geographic 
variations associated with water use for agricultural 
and landscape irrigation. Therefore, a major benefit of 
using reclaimed water for industrial applications is that 
the water use requirements are consistent year-round. 
Other important considerations are the economic fea¬ 
sibility regarding system components and the related 
cost elements, such as reclaimed water supply, distri¬ 
bution system, onsite re-piping, engineering analysis of 
water quality and supplemental treatment alternatives, 
pretreatment capital and operating and maintenance 
costs, internal treatment needs, management of process 
residuals, including sludges and brines, as well as insti¬ 
tutional, legal, and administrative activities. The con¬ 
tribution of reclaimed water for environmental 
enhancement has recently increased to satisfy the 
requirements of maintaining minimum water flows in 
rivers, streams, and wetlands, which is a major chal¬ 
lenge in water resources management. The augmenta¬ 
tion of various water resources using reclaimed water 
also increases the recreational opportunities. 

When applying reclaimed water to its desired 
purposes, the water quality takes priority over 


everything else. A review of the required water qual¬ 
ity for the application of reclaimed water is discussed 
below. 

Concerns on pathogen when using reclaimed water: 
Encouraging wastewater reclamation and ensuring 
public health from wastewater reuse have been serious 
issues since the 1930s. Improperly treated wastewater 
may increase the risk to public health by exposing 
humans to microbial pathogens, chemicals, and heavy 
metals. Therefore, the safe use of wastewater has long 
been discussed with respect to the quality of water for 
various types of reuse; urban, agricultural, industrial, 
recreational and environmental reuse, groundwater 
recharge, and indirect potable reuse. Of the risks asso¬ 
ciated with water reuse, microbial pathogens have been 
considered the most significant, because sewage from 
urban and agricultural areas are major sources, which 
contain many pathogens, including viruses, bacteria, pro¬ 
tozoan parasites, and helminthes. G. Kamizoulis [10] 
investigated the number of pathogens in raw sewage, 
as summarized in Table 2. Accordingly, thermotolerent 
coliforms (fecal colifoms) and enteric viruses were 
found to be the most abundant in raw sewage. It is 
clear that these pathogens cause various diseases to 
humans when they are exposed, either directly or indi¬ 
rectly, to the untreated sewage. 
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Wastewater Reclamation. Table 2 Typical numbers of 
excreted organisms in raw sewage [10] 



Although many microbial pathogens exist in the 
raw sewage, the survival times outside of their hosts 
are limited, even without any disinfection process. 
Bradley (1983) investigated the survival time of patho¬ 
gens at 20-30° C when exposed to environmental 
media, including freshwater and sewage, crops and 
soil (Table 3). According to the results, the survival 
time was shortest when the pathogens are in crops. 
Meanwhile, helminthes have been shown to survive 
for several months in water and soil. 

Traditionally, coliforms and fecal coliforms are 
commonly used as pathogen indicators due to their 
large numbers in the feces of humans and warm¬ 
blooded animals, easy and rapid detection, and lack 
of growth in natural habitats outside of their hosts [7]. 
For the safe use of wastewater, the first guideline was 
enacted for irrigation in California, USA, in 1918 
(California Table 22), which adopted a strict guideline 
for coliforms and fecal coliforms because California 
had advanced water treatment technology, but little 


Wastewater Reclamation. Table 3 Survival times of 
pathogen at 20-30°C [6] (unit: days) 


Pathogen 

Freshwater 
and sewage 

Crops 

Soil 

Viruses 

<120 (<50) 

<60 (< 15) 

<100 (<20) 

Bacteria 

<60 (<30) 

<30 (< 15) 

<70 (<20) 

Protozoa 

<30 (< 15) 

<10 (<2) 

<70 (<20) 

Helminth 

Many months 

<60 (<30) 

Many months 


Figures in brackets show the normal survival time 


available epidemiological evidences. The USEPA later 
developed federal guidelines on the basis of the treat¬ 
ment process, and finally published “Guidelines for 
water reuse” in 1992. The USEPA guidelines contain 
reclaimed water quality guidelines, with recommended 
monitoring and setback distances. The USA developed 
a water treatment process to meet the strict water 
quality, such as coagulation/flocculation, filtration, 
and disinfection, and these standards were also used 
for the safe quality of imported crops. In 1973, WHO 
announced the first wastewater reuse guidelines, with 
an epidemiological approach, which contained values 
for tolerable coliforms and fecal coliforms for the prac¬ 
tical use of reclaimed wastewater in developing coun¬ 
tries where sewage has been historically used for 
irrigation of crop without an appropriate treatment. 
The first guidelines have been revised with more epi¬ 
demiological evidences, treatment processes, and irri¬ 
gation systems, and WHO finally published the current 
guidelines in 1989, titled “Health Guidelines for the 
Use of Wastewater in Agriculture and Aquaculture ” 
For the development of standards in the USA, 
California Table 22 influenced the regulation program 
of each state, but each state has different standards 
with different approaches according to the treatment 
process or water quality. A range of standards is now 
in use, as shown in Table 4. The USA standard consists 
of treatment technology, BOD5, TSS, Turbidity, and 
coliforms (total and fecal), with ten types of water use; 
urban reuse (restricted and unrestricted), agricultural 
(food crops and nonfood crops), recreational (restricted 
and unrestricted), environmental (wetland), industrial, 
groundwater recharge (non-potable aquifer), and 
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Wastewater Reclamation. Table 4 Examples of microbial quality standards used by various States in the USA [3] 


Exposure route 

Total coliforms per 100 ml. 

Fecal coliforms per 100 ml. 

Enteric viruses per 40 L 

n a 

Range of values 

N 

Range of values 

N 

Range of values 

Spray irrigation 13 

4 

2.0-100 

3 

2.2-200 

1 

1 

Surface irrigation 13 

2 

100 

9 

10-1,000 

0 

- 

Parks and playgrounds 0 

8 

2.2-100 

3 

10-100 

1 

128 

Golf courses and open space d 

6 

2.2-1,000 

5 

0-100 

0 

- 


a Number of states involved out of the 13 selected 
includes food crop irrigation 
includes playgrounds 
includes cemeteries 

e Arizona is the only state that has a virus standard 


Wastewater Reclamation. Table 5 Recommended microbiological quality guidelines for wastewater use in agriculture 3 


Reuse conditions 

Exposed 

group 

Intestinal 

nematodes 

(/L a,e ) 

Fecal coliforms 

(/100 mL b,e ) 

Wastewater treatment expected to 
achieve required quality 

Irrigation of crops likely to be 
eaten uncooked, sports fields, 
public parks 0 

Workers, 

consumers, 

public 

<1 

<1,000 

A series of stabilization ponds designed 
to achieve the microbiological quality 
indicated, or equivalent treatment 

Irrigation of cereal crops, 
industrial crops, fodder crops, 
pasture, and trees d 

Workers 

<1 

None set 

Retention in stabilization ponds for 

8-10 days or equivalent helminth 
removal 

Localized irrigation of crops if 
category B exposure of workers 
and the public does not occur 6 

None 

n/a 

n/a 

Pretreatment as required by the 
irrigation technology, but not less than 
primary sedimentation 


Arithmetic mean 
b Geometric mean 

c ln specific cases, local epidemiological, sociocultural, and environmental factors should be taken into account, and the guidelines 
modified accordingly 

d Ascaris and Trichuris species and hookworms 
e During the irrigation period 

f A more stringent guideline (200 fecal coliforms/100 ml_) is appropriate for public lawns with which the public may come into direct 
contact 

9 ln the case of fruit trees, irrigation should cease 2 weeks before the fruit is picked and none should be picked off the ground 


indirect potable reuse. The USA guidelines and standards 
influenced those of Australia, South Korea, and so on 
(Mehlika 1996; Ursula 2000; [9]), and the WHO guide¬ 
lines affected European and Mediterranean nations in 
establishing their regulations. Particularly, a European 
level guideline has not been established, but is now 
being developed through the AQUAREC project [1]. 

Water quality of wastewater reuse for agriculture : 
Agricultural irrigation accounts for the largest part of 


water demand, approximately 80% of the worldwide; 
therefore, it also will also become the major water reuse 
application [21]. As describe before, the first standards 
are for microbiological parameters that show the pres¬ 
ence of pathogens in wastewater. Water quality for 
irrigation in agriculture has been subdivided into 
three groups by the WHO (1989), as shown in Table 5; 
Group A (Irrigation of crops to be eaten uncooked, 
sports fields, and public parks), Group B (Irrigation of 


























Wastewater Reclamation 


W 


11879 


cereal crops, industrial crops, fodder crops, pasture, 
and trees) Group C (exposure of workers and the 
public does not occur), in which the exposed group, 
helminthes, and fecal coliforms are described sepa¬ 
rately. The fecal coliforms in reclaimed water for 
uncooked crops are below 1,000 cfu/100 mL. The 
USEPA [20] guidelines for treated wastewater in agri¬ 
culture are shown in Table 6, with type of use 
subdivided into three groups; similar to WHO 
(1989); Food crops not commercially processed, Food 
crops commercially processed, for nonfood crops. 
Contrary to the WHO guideline, zero fecal coliforms 
in 100 mL are required for irrigation water quality of 
uncooked crops, in addition to BOD 5 , pH, SS, and 
residual chlorine. It is also recommended for reclaimed 
water monitoring and setback distances for each type of 
use. In the USA, each state has different microbiological 
standard, with different approach according to the 
treatment process or water quality, and a range of stan¬ 
dards is in use. For unrestricted irrigation of food crops, 
the range is 2.2-20 fecal coliforms bacteria/100 mL, 
and for restricted irrigation is 23-200 fecal coliforms 
bacteria/100 mL. 

Water quality of wastewater reuse for other type of 
applications : The USEPA standard for water quality 
(1992) describes the standards for each state for ten 
types of water use. As with water quality for agriculture, 
the regulatory items include treatment method, BOD5, 
TSS, Turbidity, and coliforms (total and/or fecal coli¬ 
forms). In 1998, WHO published “Guidelines for Safe 
Recreational Water Environments.” These guidelines 
deal with fecal coliforms’ contamination of recreational 
water, with dose-response results used to develop 
criteria linking the microbial concentration in recrea¬ 
tional waters to gastroenteritis. Table 7 shows the water 
quality for reclaimed wastewater and the qualitative 
requirements of eight types of water use. 

Other water quality parameters : Besides microbial 
pathogens, other water quality parameters related with 
wastewater reuse are toxic metal accumulation and the 
salinity of wastewater. The availability and accumula¬ 
tion of heavy metals in crops depends on soil factors, 
such as pH, cation exchange capacity (CEC) and mois¬ 
ture content, and plant factors, such as species variety, 
plant parts used for consumption, and temperature. 
The salinity of wastewater is a problem in some Med¬ 
iterranean countries, as it exerts an osmotic effect on 


plant growth. The USEPA updated the draft regulations 
in July 2003, requiring monitoring of emerging 
pollutants of concerns (EPOCs). The draff regulations 
require annual monitoring for pharmaceuticals, endo¬ 
crine disrupting chemicals, and other chemical indica¬ 
tors in municipal wastewater [21]. 

Technologies for Wastewater Reclamation 

Conventional Treatment Practice 

Conventional wastewater treatment, which is also 
applied for water reuse, consists of a combination of 
physical, chemical, and biological processes, with oper¬ 
ations to remove solids, organic matter and, some¬ 
times, nutrients. Different degrees of treatment are 
used to achieve the desired levels of contaminant 
removal for water reuse, including preliminary, pri¬ 
mary, secondary, tertiary, and disinfection, as well as 
advanced treatment. 

1 . Preliminary treatment Preliminary treatment 
removes large solid materials from the raw waste- 
water before they are able to damage or clog the 
pumps and skimmers of the primary treatment 
clarifiers. Screening and grit removal are typical 
examples of preliminary treatment. 

2. Primary treatment Primary treatment aims to 
remove settable organic and inorganic materials 
by sedimentation and/or skimming. It is effective 
at removing large fractions of the total suspended 
solids, oils, and greases. Some organic nitrogen, 
organic phosphorous, and heavy metals associated 
with those solids are also removed, but colloidal 
and dissolved constituents are not removed. For 
nonfood crop irrigation, primary treatment may 
be a sufficient treatment. However, secondary treat¬ 
ment may be required to prevent potential adverse 
effects. Sedimentation tanks or clarifiers are gener¬ 
ally used as a primary treatment. The sludge is 
processed by methods such as aerobic digestion, 
storage in sludge lagoons, land application, and 
others. 

3. Secondary treatment Secondary treatment is addi¬ 
tional to the primary treatment of effluent to 
remove the residual organics (as indicated by 
BOD) and suspended solids. In most cases, second¬ 
ary treatment involves aerobic biological treatment 
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Wastewater Reclamation. Table 6 US-EPA/USAID guidelines for agricultural reuse of wastewater [20] 


Type of reuse 

Treatment 

Reclaimed water quality 

Reclaimed 

water 

monitoring 

Setback distance 

Urban reuse 

Landscape irrigation, vehicle washing, 
toilet flushing, fire protection, 
commercial air conditioners, and 
other uses with similar access or 
exposure to the water 

Secondary 3 

pH = 6-9 

pH: weekly 

50 ft (15 m) to potable 
water supply wells 

Filtration 13 

BOD < lOmg/L 

BOD: 

weekly 

Disinfection 0 

Turbidity < 2NTU d 

Turbidity: 

continuous 


FC = zero coliform/100 mL e 

Coliform: 

daily 

Cl 2 residual = 1 mg/L min 

Cl 2 residual: 
Continuous 

Agricultural 

reuse 

Food crops not commercially processed 

Surface or spray 
irrigation of any food 
crop, including crops 
eaten raw 

Secondary 

pH = 6-9 

pH: weekly 

50 ft from potable 
water supply wells 

Filtration 

BOD < 30 mg/L 

BOD: 

weekly 

Disinfection 

Turbidity < 1NTU d 

Turbidity: 

daily 


FC = zero /100 mL e 

Cl 2 residual = 1 mg/L min 

Coliforms: 

daily 

Cl 2 residual: 
continuous 

Food crops not commercially processed 

Surface irrigation of 
Orchards and Vineyards 

Secondary 

pH = 6-9 

pH: weekly 

100 ft from areas 
accessible to public 

Disinfection 

BOD < 30 mg/L 

BOD: 

weekly 


SS = 30 mg/L 

SS: daily 

FC < 200/100 mL 

FC: daily 

Cl 2 residual = 1 mg/I min 

Cl 2 residual: 
continuous 

For nonfood crops 

Pasture for milking 
animals; fodder, fiber 
and seed crops 

Secondary 

pH = 6-9 

pH: weekly 

300 ft (90 m) to 
potable water supply 
wells 

Disinfection 

BOD < 30 mg/L 

BOD: 

weekly 


SS < 30 mg/L 

TSS: daily 

FC < 200/100 mL d 

Coliforms: 

daily 

1 mg/L Cl 2 residual (min) 

Cl 2 residual: 
continuous 


















































Wastewater Reclamation 


W 


11881 


Wastewater Reclamation. Table 6 (Continued) 


Type of reuse 

Treatment 

Reclaimed water quality 

Reclaimed 

water 

monitoring 

Setback distance 

Indirect potable reuse 

Groundwater recharge by spreading 

Site specific 

Site specific 

pH: daily 

100 ft (30 m) to areas 

into potable aquifiers 

Secondary 

and 

disinfection 

(min) 

Meet drinking 
waterstandards after 
percolation through 
vadose zone 

Turbidity: 

continuous 

accessible to the 
public (if spray 
irrigation) site specific 


May also 
need 


Coliforms: 

daily 



filtration 

and/or 

advanced 


Cl 2 residual: 
continuous 



wastewater 

treatment 


Drinking 

water 

standards: 

quarterly 





Other: 

depends 

on 

constituent 



Source : U.S. Environmental Protection Agency [20]. 

Secondary treatment processes include activated sludge processes, trickling filters, rotating biological contactors, and many stabilization 

pond systems. Secondary treatment should produce effluent in which both the BOD and TSS do not exceed 30 mg/L 

b Filtration means passing the effluent through natural undisturbed soil or filter media such as sand and/or anthracite 

disinfection means the destruction, inactivation, or removal of pathogenic microorganisms. It may be accomplished by chlorination, 

or other chemical disinfectants, UV radiation, or other processes 

d The number of fecal coliforms organisms should not exceed 800/100 mL in any sample 

e The number of fecal coliforms organisms should not exceed 14/100 mL in any sample 


processes. High-rate biological processes, such as 
activated sludge processes, trickling filters or 
biofilters, oxidation ditches, and lagoons, as well 
as rotating biological contactors (RBC), are com¬ 
monly used. A combination of two of these pro¬ 
cesses in series can be used to treat municipal 
wastewater containing a high concentration of 
organic material from industrial sources. 

High-rate biological processes are characterized 
by relatively small reactor volumes and high con¬ 
centrations of microorganisms compared with 
low-rate processes. The microorganisms must be 
separated from the treated wastewater by sedimen¬ 
tation to produce clarified secondary effluent. 
High-rate biological treatment processes are 


effective at removing BOD and suspended solids, 
as well as some of the heavy metals. However, they 
remove very little of the phosphorous, nitrogen, 
nonbiodegradable organics, or dissolved minerals. 

4. Tertiary treatment Tertiary treatment is employed 
when specific undesirable wastewater constituents 
cannot be removed by secondary treatment. These 
constituents include nitrogen, phosphorous, addi¬ 
tional suspended solids, refractory organics, and 
heavy metals and dissolved solids. 

5. Disinfection: Disinfection is intended to reduce the 
number of pathogenic microorganisms in the 
water. Chlorine is normally used, but ozone and 
ultraviolet irradiation can also be used to meet 
advanced wastewater treatment requirements. 
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6. Advanced treatment Advanced treatment includes 
membrane technology (including ultra/nanofiltration 
or reverse osmosis) as well as water remineralization. 
The advanced technologies have gained interest for 
unrestricted uses of water because they are now much 
cheaper than in the past. This will be described in the 
next section (Fig. 1). 

7. Sludge treatment and disposal: The sludge accumu¬ 
lated in a water reuse process must be treated and 
disposed of in a safe and effective manner. The most 
common treatment options are anaerobic diges¬ 
tion, aerobic digestion, and composting. Incinera¬ 
tion is less common due to air emissions concerns. 
Anaerobic digestion is widely used for the treat¬ 
ment of domestic sewage. One major feature of 
anaerobic digestion is the production of biogas 
(with the most useful component being methane), 
which can be used for electricity production and/or 
heating purposes. 


Advanced Technologies for Producing High-Quality 
Reclaimed Water 

The increased need to secure a high-quality water sup¬ 
ply from reclaimed water has resulted in the emergence 
of advanced technologies, including membrane biore¬ 
actors (MBR), nanofiltration (NF), reverse osmosis 
(RO), ion exchange (IEX), distillation, chemical oxida¬ 
tion, and carbon adsorption. 

1. Membrane bioreactor (MBR): Membrane bioreac¬ 
tors combine activated sludge treatment with 
a membrane separation process. The reactor is oper¬ 
ated in a similar way to conventional activated sludge, 
but a low pressure membrane (microfiltration or 
ultrafiltration) is used to perform the sludge separa¬ 
tion. This allows the production of high-quality 
water in only a one unit operation. 

The MBR process has been shown to provide 
high-quality effluent, with high BOD removal and 


Preliminary 

Treatment 


Primary 

Treatment 


Secondary 

Treatment 


Secondary 

Treatment 


Disinfection 


Advanced 

Treatment 


Screening and grit removal 

Removal of coarse solids 



Sedimentation and 
skimming 

Removal of organic and 
inorganic solids, oil, and 
greases 


Biological aerobic treatment 
and clarification 

Removal of residual organics, 
BOD, suspended solids, and 
microorganisms 


Chemical coagulation, 
sedimentation, and filtration 

Removal of suspended solids, 
colloids, and nutrients 


Chlorination, ozonation, UV 

Inactivation of pathogens 


Reverse Osmosis and 
distillation 

Removal of ions, and low 
molecular organics 


\> 
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Water for irrigation of 
non-food crops 


Water for irrigation of 
crops which are not 
eaten without cooking 
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Water for washing and 
irrigation 
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irrigation 
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Water for unrestricted 
use (including indirect 
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Wastewater Reclamation. Figure 1 

Treatment technologies for water reuse 
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complete TSS reduction. Depending on the design, 
configuration, and need for nutrient removal, the 
activated sludge portion of the process can provide 
significant denitrification and phosphorus reduc¬ 
tion. The MBR effluent has the added advantage of 
having low turbidity, making it possible for use as 
feed water to reverse osmosis (RO) in industrial or 
indirect potable reuse systems. Moreover, the over¬ 
all footprint of an MBR system is much smaller 
than a conventional activated sludge facility. 

Membrane configurations can be classified as: 
(1) sidestream and (2) submerged MBR. 
A sidestream MBR pumps sludge from an activated 
sludge reactor to a pressure-driven membrane for 
solid-liquid separation. A submerged MBR has 
membrane modules submerged in the bioreactor 
and operates under vacuum pressure. The sub¬ 
merged MBR configurations are preferred to the 
sidestream ones, especially for reuse of domestic 
wastewater. The energy demand of the submerged 
MBR can be up to two orders of magnitude lower 
than that of the sidestream systems. 

MBR systems can be sited close to the points of 
potential reuse. Thus, local needs for reclaimed 
water are met more economically because of the 
reduced requirements for pipelines, pumping, and 
storage. Moreover, the product water quality is 
suitable for a variety of reclaimed water applica¬ 
tions and, after disinfection, can be used for 
a number of non-potable, unrestricted uses. 

During the operation of an MBR, the rejected 
constituents in the retentate tend to accumulate at 
the membrane surface, producing various phenom¬ 
ena, which lead to a reduction in the flow of water 
through the membrane (i.e., the flux) at a given 
transmembrane pressure (TMP) or, conversely, an 
increase in the TMP for a given flux (reducing the 
permeability, which is the ratio of flux to TMP). 
These phenomena are collectively referred to as 
fouling. Since membrane fouling represents the 
main limitation to membrane process operation, 
MBR systems are designed to mitigate fouling 
problems. 

MBR systems using low pressure membranes 
cannot retain organic species and ions. To over¬ 
come these limitations, high retention membrane 
bioreactors (HRMBRs) have recently been 


investigated. HRMBRs use high rejection mem¬ 
branes, such as nanofiltration (NF), forward osmo¬ 
sis (FO), and membrane distillation (MD), in place 
of MF/UF. This allows a combination of the con¬ 
ventional MBR and high rejection membrane sep¬ 
aration in a single step. However, this technology is 
still in its early stage of development, and many 
challenges, such as low recovery and accumulation 
of ions in the bioreactors, still have to be resolved. 

2. Nanofiltration/reverse osmosis : With the increased 
use of reclaimed water for applications where qual¬ 
ity and reliability are critical, such as indirect pota¬ 
ble reuse and some industrial uses, the increased 
removal of dissolved solids and trace constituents 
may be required. In addition, dissolved solids may 
cause scaling or corrosion of equipment and piping 
systems, especially in cooling tower systems. Mem¬ 
brane technologies, such as nanofiltration (NF) and 
reverse osmosis (RO), can be applied to remove 
these constituents. 

NF and RO are capable of separating dissolved 
ions from the feed stream, and require hydrostatic 
pressure to overcome the osmotic pressure of the 
feed stream. The key difference between NF and RO 
is the degree of removal of monovalent ions, such as 
sodium and chloride ions. Reverse osmosis removes 
monovalent ions in the 98-99% range, while 
removals with NF membranes vary between 50% 
and 90%, depending on the material and manufac¬ 
ture of the membrane. With the development of 
new low-pressure membranes, RO is finding 
increased use in water reuse applications. 

NF is often used for removing salts to meet TDS 
requirements for groundwater recharge and for 
water softening applications. NF is also used in 
conjunction with RO to remove divalent and triva- 
lent ions, which enable a higher recovery rate with 
RO. However, NF may not replace RO in reuse 
applications of municipal wastewater because of 
its low rejection of monovalent ions. 

RO is effective at reducing TDS for unrestricted 
water reuse, including indirect portable use and 
power plant cooling water, and is also used to 
remove trace organics, such as endocrine disrupting 
chemicals and pharmaceuticals. However, RO is 
relatively ineffective at retaining non-charged 
small organic molecules (i.e., urea). Moreover, RO 
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requires high pressure to produce water, leading to 
a high energy cost. 

Like all membrane processes, NF and RO mem¬ 
branes can be fouled by various constituents in the 
feed stream. Thus, pretreatment prior to the NF/RO 
process requires the removal of suspended particu¬ 
lates, such as colloidal material. This type of 
removal will normally require the use of a 
coagulant/filtration process, acid addition, and/or 
filtration, such as micro filtration (MF) or ultrafil¬ 
tration (UF). 

Another drawback for the implementation of 
NF/RO processes is the need for additional treat¬ 
ment of the concentrate. Membrane concentrate is 
primarily concentrated feed raw water materials, 
plus any added chemicals used for pretreatment 
purposes. Because of the high levels of dissolved 
solids, together with other toxic compounds in the 
raw water, the discharge of untreated membrane 
concentrate poses a significant risk to the environ¬ 
ment. Various options exist for the disposal of 
concentrate from NF/RO plants, including dis¬ 
charge to surface water, discharge to wastewater 
treatment plants, deep wells, land application, 
evaporation ponds, and wastewater evaporators. 
Management of NF/RO residuals requires evalua¬ 
tion of the available management alternatives, 
regulations, costs and site-specific conditions. 

3. Electrodialysis : Electrodialysis (ED) is an electrically 
driven process that separates mineral salts and 
other species using direct electrical potential as the 
driving force. When a direct current is passed 
through a solution, the positive and negative ions 
migrate to the negative and positive electrodes, or 
the cathode and anode, respectively. Accordingly, 
ED is not as effective at removing microorganisms 
and many anthropogenic organic compounds. 
Electrodialysis and electrodialysis reversal (a 
modification of the electrodialysis process) are 
used principally for desalting brackish water, 
and have also been used for demineralizing 
reclaimed water. 

4. Ion exchange: Ion exchange is a process used for the 
removal of dissolved ionic constituents, where ions 
of a given species are displaced from a solid phase 
material by ions of a different species from the 
solution. This is applied for demineralization of 


water, removal of specific constituents (i.e., nitrate), 
and softening. 

Residual organic matter found in biological 
treatment effluents can cause blinding of the ion 
exchange beds, resulting in high pressure loss and 
inefficient operation, for example, where ion 
exchange is used following filtration. Therefore, 
some form of chemical treatment and clarification 
is required before ion exchange treatment. More¬ 
over, ion exchange resins should be regenerated 
after a certain period of time, resulting in the chal¬ 
lenge of brine management. The disposal of high 
TDS regeneration brine remains the primary obsta¬ 
cle to the wider use of ion exchange technology. 

5. Distillation: Distillation is a unit operation, where 
the components of a liquid solution are separated 
by vaporization and condensation, which involves 
multiple effect distillation (MED), multistage flash 
evaporation (MSF), and vapor compression distil¬ 
lation (VCD). The principal issues with the appli¬ 
cation of distillation processes for water 
reclamation are the high energy input required to 
evaporate the feedwater, carryover of volatile con¬ 
stituents found in treated reclaimed water, and the 
degree of subsequent cooling and treatment that 
may be required to renovate the distilled water. In 
addition, all distillation processes reject part of the 
influent feedwater and produce a concentrated 
waste stream that must be managed. Scaling and 
corrosion are also problematic. 

6. Chemical oxidation: Chemical oxidation is applied 
for the destruction of anthropogenic or synthetic 
toxic organics in water reuse systems. Oxidants 
used in water reclamation are chlorine, ozone, chlo¬ 
rine dioxide, permanganate, hydrogen peroxide, 
and hydroxyl radicals. The principal applications 
of conventional chemical oxidation in water recla¬ 
mation are for odor control, hydrogen sulfide con¬ 
trol, color removal, iron and manganese removal, 
disinfection, control of biofilm growth, and bio- 
fouling in treatment process and distribution sys¬ 
tem components, as well as the oxidation of selected 
trace organic constituents. 

The major concern with any chemical oxidation 
process is the potential for the formation of toxic by¬ 
products due to incomplete oxidation. Oxidation 
processes using ozone can produce brominated 
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byproducts, as well as bromates, in water containing 
bromide ions. High concentrations of carbonate and 
bicarbonate in some reclaimed water can react with 
hydroxyl radicals and reduce the efficiency of oxida¬ 
tion processes. Metals ions and residual organics may 
also affect the performance of oxidation processes. 

7. Adsorption : In water reclamation, adsorption is 
used for the removal of substances in solution by 
their accumulation on a solid phase. Adsorption 
treatment of reclaimed water is usually thought of 
as a polishing process for water that has already 
received normal biological treatment. Adsorption 
has been used for the removal of refractory organic 
constituents, residual inorganic constituents, such 
as nitrogen, sulfides and heavy metals, and for 
odorous compounds. 

The adsorption process in water reuse applica¬ 
tions is limited by several factors; the relatively high 
capital cost due to the area requirements for the 
carbon contactors, and waste adsorbent due to the 
difficulty in its regeneration, which may require 
disposal as a hazardous waste due to the presence 
of toxic constituents (Fig. 2). 


Energy Consumption: Comparison of Wastewater 
Reclamation with Desalination 

Due to the high costs of power and an increasing 
concern over greenhouse gas emissions, the issue of 
energy reduction in wastewater treatment and reuse is 
becoming increasingly important. For instance, in 
California USA, an energy-efficiency program with 
the California Energy Commission is helping the state 
to achieve its goals of reducing per person water use by 
20%, increasing renewable energy generation by 33%, 
and decreasing greenhouse gas emissions by 30% by 
2020 [8], which could reduce the energy consumption 
in water/wastewater treatment plants by up to 30%. 

The cost factors associated with wastewater treat¬ 
ment are pretreatment, chemical addition, cleaning, 
maintenance, and capital. In addition, water treatment 
and delivery require energy, which is another essential 
parameter in deciding on a wastewater treatment tech¬ 
nology because it is a large fraction of the cost of water 
provision. Dreizin [5] reported that the energy cost was 
25% and 65% of the total and operational costs, respec¬ 
tively, meaning that energy is the decision-making 
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Is the most environmentally responsible water source to use 
Reduces contamination of beaches 
Can save Australia from drought 
Increases the amount of available freshwater 
Requires chemicals to be produced 
Is environmentally responsible 
Producing it could be a environmental concern 
Produces greenhouse emissions 
Uses a lot of energy in production 
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Percentage (%) 

Wastewater Reclamation. Figure 3 

Comparative perceptions/knowledge about environmental issues of recycled and desalinated water in Australia [4] 


Recycled water 
I I Desalinated water 


parameter with regards of the economics of different 
source waters. In general, the specific energy consump¬ 
tion for surface, brackish, or wastewater is 
0.4-1.0 kWh/m 3 ; whereas, that for seawater is 
3-3.4 kWh/m 3 . As treatment systems advanced, the 
energy requirements will become higher. Especially, 
membrane technology is recognized as a cost-intensive 
process in water/wastewater treatment. These mem¬ 
brane processes, i.e., RO, can be applied to wastewater 
reuse and seawater desalination, which are the most 
suitable alternative water resources; therefore, these 
two processes are often compared in terms of energy 
consumption. In this section, the energy consumption 
of membrane-based solutions for wastewater reuse and 
desalination are compared. 

Public perception of energy consumption for recycled 
versus desalinated water: Figure 3 shows a survey of the 
comparative perception/knowledge about environ¬ 
mental issues of recycled and desalinated waters [4], 
which was carried out by 1,000 respondents to a 30 min 
online questionnaire conducted in Australia. Health, 
environmental, and cost concerns were found to be the 
major issues. As expected, wastewater reuse is primarily 
perceived as a health issue, while the concerns about 
desalinated water are the environmental and cost 
issues. Many people recognize that desalinated water 
uses more energy and produces greenhouse emissions. 


Wastewater Reclamation. Table 8 Comparison of energy 
and O&M costs for recycled water [11,18] 



Pretreatment 

Pretreatment-RO 


CAS 

MF 

CAS-RO 

MF-RO 

Utilities (kWh/m 3 ) 

Power 

0.2 

0.2 

1.3 

0.5 

O&M costs (US cents/m 3 ) 

Power 

2 

1.8 

13.2 

5.3 

Other 

14 

3.2 

12.7 

10.6 

Total 

13 

5 

25.9 

15.9 


Thus, it is essential to evaluate the detailed comparative 
energy costs between recycled and desalinated waters. 

Energy cost of recycled water: The relative contribu¬ 
tions of surface water, groundwater, desalinated water, 
and recycled water to the total water abstracted for all 
uses for humans are 63.2%, 36.3%, 0.29%, and 0.19%, 
respectively [12]. Recycled water has the lowest per¬ 
centage, possibly due to the strict public acceptance of 
health concerns. However, the quality of recycled water 
is as good as that of desalinated water, as both technol¬ 
ogies utilize RO-based membranes. 
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Wastewater Reclamation. Table 9 Energy consumption for recycled and desalinated water [15] 


Water 

Total dissolved solid 
(mg/L) 

CAS (kWh/m 3 ) 

Pretreatment 

(kWh/m 3 ) 

RO system 
(kWh/m 3 ) 

Total treatment 
(kWh/m 3 ) 

Surface water 

50-300 




0 . 15 - 0.3 

Wastewater 

300-800 

0 . 3 - 0.6 

0 . 1 - 0.2 

0 . 4 - 0.5 

0 . 8 - 1 . 0 ( 13 ) 

Wastewater MBR 

300-800 


0 . 8 - 1.0 

0 . 4 - 0.5 

1 . 2 - 1.5 

Brackish water 

900 - 2,200 


no 

O 

1 

d 

0 . 6 - 0.9 

0 . 8 - 1.0 

Seawater 

38,000 


0 . 3 - 1.0 

2 . 0 - 3.0 

2 . 3 - 4.0 


Wastewater Reclamation. Table 10 Cost comparison for producing water from CAS and seawater (Cote et al. 2005) 


Component 

Units 

CAS 

Seawater 

Ratio (seawater/CAS) 

Capital costs 

Infrastructure and pretreatment 

US$/m 3 /day 

161 

320 

1.9 

RO 

US$/m 3 /day 

321 

624 

1.9 

Total 

US$/m 3 /day 

482 

944 

2.0 

Total life cycle costs 

Capital 

US$/m 3 

0.07 

0.25 

3.4 

O&M 

US$/m 3 

0.21 

0.37 

1.8 

Total 

US$/m 3 

0.28 

0.62 

2.2 


Treatment of recycled water based on RO is divided 
into two processes: (1) conventional activated sludge 
(CAS) followed by MF/UF-RO, and (2) MBR-RO 
([15]; Cote et al. 2005). The CAS in wastewater treat¬ 
ment is known as a biological process followed by 
clarification, but the CAS effluent is not appropriate 
as the feed water for RO due to severe membrane 
fouling. This leads to a combination of MF/UF and 
then on to RO. Prior to the MF/UF, lime clarification 
and sand filtration are used, which result in high chem¬ 
ical costs. Thus, the integrated MBR-RO systems for 
recycled water have been favorably used in many waste- 
water reuse plants. Integrated systems consist of screen¬ 
ing, MBR, and RO, and do not require complex 
pretreatment steps, as required for CAS-MF/UF-RO. 
Reardon et al. [18] reported that the energy costs of the 
CAS versus MF pretreatment were similar, while the 
O&M costs of the CAS pretreatment were approxi¬ 
mately three times higher than those of MF. On the 
other hand, when incorporated with RO, the energy 


consumption of the CAS-RO system was 2.6 times 
higher than that of the MF-RO. This suggests that the 
MBR-RO has various advantages and significant 
potential for wastewater reuse (Table 8). 

Energy comparison of recycled versus desalinated 
water : The major issue of recycled versus desalinated 
water is energy, which plays an important role in decid¬ 
ing on alternative water resources from the areas suf¬ 
fering from water shortage. Desalination has been 
regarded as a cost-intensive process due to the high 
energy requirement. Assuming the cost of electricity 
as $0.10/kWh, for RO units using power generators, the 
cost of power would be $0.30/kWh based on 3 kWh/L 
(assumed diesel cost of $0.90/L). Compared to desali¬ 
nation, recycled water costs less due to: (1) no need for 
coagulant addition, (2) single pass RO, but 2-pass RO 
for desalination, (3) higher RO recovery, (4) higher RO 
flux, and (5) lower RO feed pressure (Cote et al. 2005). 

Pearce [15] summarized the energy usages for 
various water and wastewater resources (Table 9). 
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Cote et al. (2005) reported a cost comparison for pro¬ 
ducing water from CAS and sweater (Table 10). Both 
surveys showed that desalinated water was 2-3 times 
more expensive than recycled water in terms of energy 
usage and water production costs. The key parameters 
of cost and energy usage differ between recycled and 
desalinated water due to the salinity of the latter. When 
the salinity increases, (1) the addition of chemical 
coagulant is needed, (2) smaller recovery (50%) from 
seawater (75% for wastewater), which leads to a larger 
pretreatment system, and (3) higher pressure due to 
high osmotic pressure with high salinity. This indicates 
that the difference (2-3 times) in the energy consump¬ 
tion and water production costs for recycled and desa¬ 
linated water is unlikely to change as the difference in 
costs is generated due to the nature of saline water. 

Future Directions 

In recent years, the MBR process has become a viable 
alternative technology for wastewater treatment. 
Research on the MBR process has increased exponen¬ 
tially over the last decade, and is expected to keep 
increasing in the future. Despite rigorous and active 
research activities, membrane fouling still remains as 
a major obstacle for the practical and wide application 
of MBR technology. Furthermore, the great demand 
for wastewater reclamation and reuse due to the short¬ 
age of pristine water resources all over the world has 
pushed this technology to evolve into a more efficient 
process for controlling various micro-contaminants, in 
addition to the well-known biological nutrients, N and 
R In this section, based on the current status of the 
knowledge obtained from the recent literature, the 
future directions of research and development on 
MBR technology are briefly discussed. 

Various factors affecting fouling of the MBR process 
have been investigated and documented in numerous 
publications. However, many operational MBR plants 
have suffered from deterioration in the membrane pro¬ 
ductivity, mainly due to fouling. Thus, a fundamental 
understanding of membrane fouling mechanisms will 
continue to be the main focus of future research, with 
even more emphasis on enhancing the economic feasi¬ 
bility of this technology. More specifically, sophisti¬ 
cated analytical techniques will be developed to 
identify and characterize various chemical and 


biological components of membrane foulants. For 
example, the interactions between foulants and mem¬ 
brane surfaces or pores could be directly measured 
using various tools, including AFM, to determine the 
fouling potential of these components. Current lab- 
scale analytical technologies need to be further devel¬ 
oped, refined, and simplified to be able to monitor 
fouling phenomena in real applications. In situ moni¬ 
toring techniques will become more significant for the 
effective operation of full-scale MBR plants in the 
future. 

In addition to fundamental assessment and practi¬ 
cal monitoring of membrane fouling, more scientifi¬ 
cally designed fouling control methods are expected to 
be developed in the future, which will be made possible 
by the elucidation of fouling mechanisms. A novel 
method utilizing a biological mechanism control, 
known as Quorum Sensing, is one example. Biological 
and chemical methods developed on the basis of foul¬ 
ing mechanisms should be easier and cheaper to apply 
to large-scale plants. Lastly, new, improved membrane 
modules for the control of fouling during MBR pro¬ 
cesses will continue to develop and reduce the capital 
costs, and enhance the hydrodynamic conditions. 

The MBR technology was initially developed based 
on MF/UF membranes capable of achieving solid- 
liquid separation for SS and coliforms. However, envi¬ 
ronmental concern regarding the protection of natural 
water resources put more pressure on the development 
of MBR processes that were more suitable and effective 
for the control of biological nutrients, such as nitrogen 
and phosphorus. High nitrification can be easily 
accomplished under typical MBR processes operating 
conditions, characterized by high MLSS and high SRT, 
where slow-growing microorganisms, such as nitrify¬ 
ing bacteria, are enriched. Thus, the MBR process, 
combined with anoxic denitrification, is able to achieve 
high nitrogen removal. However, the operation of the 
MBR with such higher SRT is not detrimental to bio¬ 
logical phosphate removal, which is achieved by the 
discharge of phosphate containing biomass, and results 
in an excessive amount of phosphate in the cell from 
wastewater systems. A variety of MBR processes have 
been configured with biological nutrients removal 
(BNR) systems, with their performance demonstrated 
for different applications, but have only shown limited 
success. Therefore, it is common to see additional 
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chemical methods incorporated into the MBR process 
to satisfy regulatory requirements. The development of 
the MBR process coupled with more efficient BNR 
systems will be the primary topic over the next decade. 

As mentioned above, conventional MBR processes 
utilizing particle separating MF/UF membranes are not 
able to meet the effluent quality for wastewater recla¬ 
mation and reuse, and often require tertiary treatment, 
including tighter membrane technologies, such as RO. 
In the future, however, water supply and wastewater 
management systems will be more decentralized for the 
optimum use of energy and resources, and thus, com¬ 
plicated MBR systems with tertiary treatment should 
be further simplified and compact. Such technological 
demands have resulted in the development of a high 
rejection MBR process, where tighter membranes reject 
not only particles, but also dissolved micropollutants 
also. The NF-MBR is the first alternative MBR process, 
where an NF membrane is submerged in the bioreactor 
and produces much better effluent water qualities than 
those by conventional MF-MBR. NF membranes, with 
chemical stability as well as reasonable water produc¬ 
tivity, need to be developed for improving their appli¬ 
cability in the future. 

In addition to traditional pressure-driven tighter 
membranes, two different types of membrane have 
been utilized in high retention MBR processes; mem¬ 
brane distillation and forward osmosis membranes. 
The membrane distillation bioreactor (MDBR) inte¬ 
grates a conventional bioreactor with a thermally 
driven membrane distillation process, which uses 
microporous hydrophobic membranes for distillation. 
With warm wastewater, a modestly elevated tempera¬ 
ture (30-80°C) can easily be obtained, and water vapor 
can be transported through the membrane and con¬ 
dense into water, but nonvolatile components, such as 
contaminants, are not able to pass through the mem¬ 
brane and thus, will be rejected by the membrane. The 
energy demand for such systems is known to be low 
compared to conventional MBR coupled with RO, 
although the economics of scale-up systems will need 
to be examined further. Biological environments spe¬ 
cific to this process should be further understood for 
the better design and operation of the process in the 
future. Forward osmosis bioreactors (FO-MBR) are 
another recent development. The FO membrane pro¬ 
cess utilizing a concentration gradient as the driving 


force is combined with a conventional bioreactor. 
Compared to RO processes, the FO process is charac¬ 
terized by low energy use and high recovery. A non- 
pressurized FO system is also known to enable 
increased fouling reversibility, thus making this process 
more suitable for wastewater applications where the 
fouling potential is very high. Although the benefits 
of such systems have been demonstrated in the litera¬ 
ture, only limited performance data are available for 
small-scale applications. Therefore, newly developed 
high retention MBRs have a long way to go before 
they become a reality, but they are expected to attract 
many investigations and continue to grow as a prom¬ 
ising technology to meet the demand for compact and 
reliable wastewater reuse systems. 
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Glossary 

Constructed wetland (CW) Constructed wetlands are 
engineered systems that have been designed and 
constructed to utilize the natural processes involv¬ 
ing wetland vegetation, soils, and their associated 
microbial assemblages to assist in treating wastewa¬ 
ter. Constructed wetlands offer several additional 
advantages compared to natural wetlands including 
site selection, flexibility in sizing, and most impor¬ 
tantly, control over the hydraulic pathways and 
retention time. 

CW with horizontal subsurface flow Constructed 
wetland where wastewater is fed in at the inlet 
and flows slowly through the porous medium 
under the surface of the bed in a more or less 
horizontal path until it reaches the outlet zone 
where it is collected before leaving via level 
control arrangement at the outlet. During this 
passage, the wastewater will come into contact 
with a network of aerobic, anoxic, and anaero¬ 
bic zones. 

CW with vertical flow Constructed wetlands where 
water is fed intermittently on the surface of the 
filtration bed and water percolates by gravity to 
the bottom where it is collected. 

CW with free water surface Consists of basins or 
channels, with soil or another suitable medium 
to support rooted vegetation (if present) and 
water at a relatively shallow depth flowing through 
the unit. 

Macrophytes Plants that are adapted to the life under 
anoxic and/or anaerobic soil conditions in 
wetlands. 

Wetland Land that is saturated with water long 
enough to promote wetland or aquatic pro¬ 
cesses as indicated by poorly drained soils, 
hydrophytic vegetation, and various kinds of 
biological activity that are adapted to a wet 
environment. 
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Definition of the Subject and Its Importance 

Wetlands are found on every continent except Antarc¬ 
tica and in every climate from the tropics to the frozen 
tundra. Any estimate of wetland extent in the world is 
difficult and depends on an accurate definition [ 1 ]. As 
the definitions vary, the estimated area of wetlands 
varies between 5.3 and 11.65 million square kilometers 
and between 3.5% and 7.7% [1-6]. As wetlands were 
considered as neither “true” terrestrial ecosystem nor 
“true” aquatic ecosystems, not many researchers were 
interested in wetland ecosystems. However, there has 
been an explosive growth of knowledge about, and 
a radical change of attitude toward wetlands since the 
1950s [7]. Wetlands have been recognized as providing 
many ecosystem services such as hydrologic, biologic, 
biogeochemical, and cultural [8-12]. 

Natural wetlands have been used for wastewater 
treatment for centuries [13]. In many cases, however, 
the reasoning behind this use was disposal, rather 
than treatment and the wetland simply served as 
a convenient recipient that was closer than the nearest 
river or other waterway. Wetlands have been considered 
for a long time as “wastelands,” were scientifically 
neglected and, therefore, the impact of wastewaters 
on different wetlands was not properly assessed. 
Uncontrolled discharge of wastewater led in many 
cases to an irreversible degradation of many wetland 
areas [14]. Although significant improvement in the 
quality of the wastewater is generally observed as 
a result of flow through natural wetlands, the extent 
of their treatment capability is largely unknown [15]. 
Natural wetlands are still used for wastewater treatment 
under controlled conditions [16, 17], but the use of 
constructed wetlands has become more popular and 
effective around the world since the 1980s. 

Constructed wetland treatment systems are 
engineered systems that have been designed and 
constructed to utilize the natural processes involving 
wetland vegetation, soils, and their associated micro¬ 
bial assemblages to assist in treating wastewater. They 
are designed to take an advantage of many of the same 
processes that occur in natural wetlands, but do so 
within a more controlled environment. Constructed 
wetlands are essentially wastewater treatment systems 
and are designed and operated as such, though many 
systems do support other functional values [18]. 


Constructed wetlands can be built with a much greater 
degree of control than natural systems, thus allowing 
the establishment of experimental treatment facilities 
with well-defined composition of substrate, type of 
vegetation, and flow pattern. In addition, constructed 
wetlands offer several additional advantages compared 
to natural wetlands including site selection, flexibility 
in sizing, and most importantly, control over the 
hydraulic pathways and retention time [15]. 

Introduction 

In 1953, Dr. Kathe Seidel for the first time presented 
methods for improvement of inland waterways, which 
suffered from overfertilizaton, pollution from sewage, 
and siltation by means of appropriate plant species 
[19]. Between 1952 and 1956, Seidel carried out 
numerous experiments on the use of wetland plants 
for treatment of various types of wastewater, including 
phenol, dairy, or livestock wastewater [20-22]. In the 
early 1960s, Seidel intensified her trials to grow mac¬ 
rophytes in wastewater and sludge of different origin 
and she tried to improve the performance of rural and 
decentralized wastewater treatment, which was either 
septic tanks or pond systems with inefficient treatment. 
To overcome the anaerobic septic tank systems, she 
integrated a stage of primary sludge filtration in verti¬ 
cally percolated sandy soils planted with Phragmites 
australis. So the system consisted of an infiltration 
bed through which the sewage flowed vertically and 
an elimination bed with a horizontal flow [23]. This 
system was the basis for hybrid systems, which were 
revived at the end of the twentieth century. However, 
Seidel's concept to apply macrophytes to sewage treat¬ 
ment was difficult to understand for sewage engineers 
who had eradicated any visible plants on a treatment 
site for more than 50 years [24] and therefore, it was no 
surprise that the first full-scale constructed wetlands 
were built outside Germany. 

In spite of many prejudices among civil engineers 
about odor nuisance, attraction of flies, and poor 
performance in cold periods, the IJssel Lake Polder 
Authority in Flevoland in the Netherlands constructed 
its first free water surface constructed wetland (FWS 
CW) in 1967 [25]. Contrary to the North America and 
Australia, FWS CWs did not spread throughout Europe 
significantly while CWs with subsurface horizontal 
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(HF CWs) and vertical (VF CWs) flow drew much 
more attention at the end of the twentieth century 
[26]. However, FWS CWs are in operation in many 
European countries, for example, Sweden, Denmark, 
Poland, Estonia, or Belgium [27]. 

Types of Constructed Wetlands for Wastewater 
Treatment 

Constructed wetlands could be classified according to 
the various design parameters but two most important 
criteria are water flow regime (surface and subsurface) 
and the type of macrophytic growth (Fig. 1). Different 
types of constructed wetlands may be combined with 
each other (so-called hybrid or combined systems) in 
order to exploit the specific advantages of the different 
systems. The quality of the final effluent from the 
systems improves with the complexity of the facility. 

Constructed Wetlands with Free Water Surface 

Constructed wetlands (CWs) with surface flow are com¬ 
monly referred to as “free water surface” (FWS CWs). 


They mimic the hydrologic regime of natural wetlands. 
In FWS CWs, treated wastewater enters one end of the 
basin, flows through an area with macrophytes, and is 
collected and discharged at the opposite end of the 
basin. The water is often shallow and moves through 
the wetland at a relatively slow velocity [28]. 

Systems with Free-Floating Macrophytes 

Constructed wetlands with free-floating macrophytes 
(Fig. 2) consist of one or more shallow ponds in which 
plants float on the surface. The shallower depth and the 
presence of aquatic macrophytes in place of algae are 
the major differences between constructed wetlands 
with free-floating macrophytes and stabilization 
ponds [29]. Free-floating macrophytes are highly pro¬ 
ductive and belong to the fastest growing plants on the 
Earth. The most commonly used species in constructed 
wetlands are Water hyacinth (Eichhornia crassipes ) and 
species of the family Lemnaceae (Duckweed) such as 
Lemna minor , L. trisulca , or Spirodela polyrhiza. 

A single Water hyacinth plant can produce approx¬ 
imately 65,000 offspring during a single season [30] 
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Wastewater Treatment and Control Through Wetlands. 
Figure 2 

Constructed wetland with Water hyacinth (Eichhornia 
crossipes ) in Yantian, South China as a part of hybrid 
constructed wetland for treatment of industrial 
wastewater (Photo: Jan Vymazal) 

and ten plants can completely cover 0.4 ha of a water 
surface [31]. However, Water hyacinth does not survive 
the winter in temperate and cold climates, its growth 
rate is greatly reduced at temperatures below 10°C and, 
therefore, its use is restricted to subtropical and tropical 
regions. Moreover, the optimum water temperature is 
>25°C [32]. Duckweeds, compared to Water hyacinth, 
have a much wider geographic range as they are able to 
grow at temperatures as low as 1-3°C [15]. They even 
survive light freezes and continue to grow during the 
winter months but their growth optimum is at temper¬ 
atures between 20° C and 30°C [33]. 

In CWs with free-floating macrophytes, organic 
substances are primarily removed by microbial degra¬ 
dation in water column by free-living bacteria or within 
a dense network of plant roots by attached bacteria. 
The degradation proceeds under both aerobic and 
anoxic/anaerobic conditions but aerobic processes are 
usually restricted only to the close vicinity of the roots 


or to the initial stages of plant development. As the 
plant density increases, oxygen diffusion into the water 
is restricted and also the plants cover completely the 
water surface and prevent oxygen-producing algae 
from growing in the water column [34]. Suspended 
solids are removed mainly through gravity sedimenta¬ 
tion in the zone under the surface layer of floating 
plants but in Water hyacinth-based systems, substantial 
amount of suspended solids is retained in the root 
zone. The sedimentation rate is usually high as the 
plant layer on the surface eliminates the water move¬ 
ment and turbulence caused by wind. Phosphorus 
removal is mostly the result of the plant uptake and 
therefore it is desirable to keep plants in the exponen¬ 
tial growth phase. This is realized by frequent 
harvesting of the plant biomass [35-37] . The harvesting 
has another beneficial effect because it opens the water 
surface for light penetration into the water and surface 
re-aeration. Nitrogen is removed via several processes 
including plant uptake (and subsequent harvesting), 
ammonia volatilization, and microbial nitrification/ 
denitrification [38]. Ammonia volatilization is limited 
to early stages of wetland development when algae 
grow in water column and as a consequence of photo¬ 
synthesis the pH values could be high enough for NH 3 
volatilization. Nitrification occurs within the aerobic 
root zone and denitrification occurs in the much larger 
reduced zones in the water column. However, the nitri¬ 
fication/denitrification complex is usually not very 
effective for nitrogen removal because of limited nitri¬ 
fication in the system [38]. 

The CWs with Water hyacinth are very effective in 
pollutant removal. Vymazal [39] summarized the treat¬ 
ment efficiency of 14 systems in the USA and Japan and 
the average BOD 5 , suspended solids, TN, and TP 
removal efficiencies amounted to 76%, 64%, 60%, 
and 47%, respectively. The mean outflow concentra¬ 
tions of respective parameters were 14.1, 9.3, 6.6, and 
2.2 mg L -1 . 

During the 1970s and early 1980s, constructed wet¬ 
lands with free-floating macrophytes were intensively 
studied but the operational needs associated with large- 
scale applications have never been developed [29, 40]. 
Probably, the major obstacles to wider application of 
CWs with free-floating macrophytes are very high 
maintenance and operation costs and high amount of 
the biomass with no other use [41]. 
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Systems with Submerged Macrophytes Submerged 
aquatic macrophytes have their photosynthetic tissue 
entirely submerged. Various experiments have proven 
that minerals can be taken up directly by shoot tissues 
of submerged plants; however, there is also no question 
regarding the uptake capability of nutrients by the 
roots of these plants. Most studies confirmed that 
although shoot uptake occurs, the major source for 
nutrients are sediments [42, 43]. Submerged plants, 
however, only grow well in oxygenated water and there¬ 
fore cannot be used in wastewater with a high content 
of readily biodegradable organic matter because the 
microbial decomposition of the organic matter will 
create anoxic conditions [ 15] . In addition, the turbidity 
of the water must not be too high to prevent light 
transmission to the plants to support their photosyn¬ 
thetic activity [38]. Because of limiting conditions 
mentioned above (low light, high turbidity), the 
prime potential use of submerged macrophyte-based 
wastewater treatment systems (Fig. 3) is therefore for 
“polishing” secondary treated wastewaters [15]. 

There are many submerged species but the 
most promising are probably Egeria densa (Brazilian 
elodea), Elodea canadensis (Canadian waterweed), 
Elodea nuttallii (Western waterweed), Ceratophyllum 
demersum (Coontail), Hydrilla verticillata (Hydrilla), 


Cabomba caroliniana (Fanwort), Myriophyllum spp. 
(Watermilfoil), and Najas guadalupensis (Southern 
naiad). Submerged macrophytes are very often covered 
with periphyton, an attached community usually dom¬ 
inated by algae. The periphyton has a beneficial effect 
on nutrient removal but it also absorbs photosynthet- 
ically active radiation before it reaches the leaf surface 
of vascular plants thus making submerged plants light- 
limited [44]. The design criteria for CWs with sub¬ 
merged macrophytes still have not been fully devel¬ 
oped, but there have been some good examples 
reported in the literature [45-47]. 

Constructed Wetlands with Floating-Leaved 
Macrophytes Floating-leaved macrophytes include 
plant species that are rooted in the substrate and their 
leaves on long peduncles float on the water surface. 
Typical examples are Water lilies ( Nymphaea spp.), 
Spatterdock ( Nuphar lutea ), or Indian lotus ( Nelumbo 
nucifera). In fact, this type combines the features of 
constructed wetlands with other types of macrophytes. 
The plants have huge underground rhizomes, leaf 
peduncles grow through the water column, and leaves 
float on the water surface. However, peduncle density is 
much lower as compared to submerged or emergent 
species and leaves rarely cover the entire surface of the 



Wastewater Treatment and Control Through Wetlands. Figure 3 

Constructed wetland with submerged vegetation (Najas guadalupensis) in the Florida Everglades Nutrient Removal Area 
(Photo: Jan Vymazal) 
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pond. So far, only a few constructed wetlands have used 
these plants [48] and therefore any sound conclusions 
on their efficiency and operation could be made. 

Constructed Wetlands with Emergent Macrophytes 

A typical free water surface constructed wetland (FWS 
CW) with emergent macrophytes is a shallow sealed 
basin or sequence of basins, containing 20-30 cm of 
rooting soil, with a water depth of 20-60 cm. Dense 
emergent vegetation covers significant fraction of the 
surface, usually more than 50% (Fig. 4). Besides 
planted macrophytes, naturally occurring species may 
be present [49]. Areas of open water may be incorpo¬ 
rated in design to improve hydraulics and enhance 
wildlife habitat [28]. One of the primary design pur¬ 
poses is to provide wastewater with reactive biological 
surfaces. For FWS CWs, many plant species are used 
but the most common species are Phragmites australis 
(Common reed), Typha spp. (Cattails), and Scirpus 
( Schoenoplectus ) spp. (Bulrush). 

Suspended solids are mostly removed by gravita¬ 
tional settling. The largest and heaviest particles will 
predominantly settle out in the inlet open water zone, 
while slightly smaller and lighter particles may only 
settle out after flowing into wetland vegetation. 


Wetland vegetation promotes this enhanced sedimen¬ 
tation by reducing water column mixing and 
resuspension of particles from the sediment surface. 
The smallest of particles such as clay colloids may be 
removed by adhesion onto surfaces within the water 
column. The main surfaces within the water column 
are the emergent macrophytes and the biofilms grow¬ 
ing on the surface of these plants [50]. 

Settleable organics are rapidly removed in FWS 
systems with emergent vegetation under quiescent 
conditions by deposition and filtration. Attached and 
suspended microbial growth is responsible for the 
removal of soluble organic compounds, which are 
degraded aerobically in the water column as well as 
anaerobically near the bottom within the litter layer. 
Oxygen is supplied to the wetland water column by 
diffusion through the air-water interface and via the 
photosynthesis of plants in the water column, namely 
algae [29, 50]. 

Nitrogen is most effectively removed by volatiliza¬ 
tion and nitrification/denitrification. Volatilization is 
very likely under higher pH values caused by photo¬ 
synthesis of both planktonic and attached algae. Nitri¬ 
fication proceeds in aerobic zones, while nitrate is 
converted to free nitrogen or nitrous oxide in the 



Wastewater Treatment and Control Through Wetlands. Figure 4 

FWS CW Me Grath Hill, Hawkesbury near Sydney, Australia planted with a mixture of Phragmites australis (Common reed) 
and Bolboschoenus fluviatils (River bulrush) (Photo: Jan Vymazal) 
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anoxic/anaerobic zones by denitrifying bacteria. Aero¬ 
bic zones are usually in the water column and especially 
close to the water surface, while anerobic zones are 
mostly found in the litter layer on the bottom. FWS 
CWs with emergent vegetation provide sustainable 
removal of phosphorus, but at relatively slow rates. 
Phosphorus removal occurs from adsorption, absorp¬ 
tion, complexation, and precipitation. However, the 
major retention process - precipitation with Al, Fe, 
and Ca ions - is limited by little contact between the 
wastewater and the soil [29, 51]. Substantial amounts 
of nitrogen and phosphorus may be stored in the peat/ 
litter compartment. Algal and microbial uptake may be 
high but this retention is a short-term process and 
nutrients are washed out from the detritus back to the 
water [52]. 

Removal of nutrients via plant uptake is usually low 
as compared to inflow load. In addition, if the biomass 
is not harvested nutrients are released back into water 
during the biomass decay. Some of these nutrients 
could be subject to long-term accumulation in the 
soil, hence contributing to the wastewater-treatment 
capacity of the system [53]. 

Wetlands provide a suitable combination of physi¬ 
cal, chemical, and biological factors for the removal 
of pathogenic organisms. Physical factors include 
mechanical filtration, exposure to ultraviolet radiation, 
and sedimentation. Chemical factors include oxida¬ 
tion, exposure to biocides excreted by some wetland 
plants, and absorption by organic matter. Biological 
removal mechanisms include antibiosis, predation by 
nematodes and protists, attack by lytic bacteria and 
viruses, and natural die-off [54]. 

In Europe, this technology started during the late 
1960s. One of the first examples of full-scale FWS CWs 
with emergent vegetation are those built in 1967 in 
Lelystad, the Netherlands [25] and near Keszthely, 
Hungary [55]. This type of constructed wetlands have 
not spread too much throughout Europe as compared 
to subsurface constructed wetlands but recently many 
wetlands have been created in several countries, espe¬ 
cially in Sweden and Denmark. More than 2,350 ha of 
wetlands have been created in Sweden in the agricul¬ 
tural landscape between 1996 and 2002 with different 
kinds of subsidies and in Denmark about 3,200 ha have 
been created until 2004 with the primary aim to reduce 
nitrogen input into Baltic Sea [27]. 


In North America, the FWS technology started with 
the ecological engineering of natural wetlands for 
wastewater treatment in the early 1970s in Florida 
[56] and Michigan [57]. Industrial stormwaters and 
process waters were applied to FWS CWs in North 
Dakota in 1975 [58] and in the early 1980s the use of 
FWS constructed wetlands for urban stormwater treat¬ 
ment was pioneered in California [59] and for mine 
wastewater throughout the USA [60]. At present, 
there are hundreds, and probably thousands of FWS 
constructed wetlands with emergent macrophytes 
treating municipal and industrial wastewaters, agricul¬ 
tural wastes and runoff, mine drainage waters, and 
stormwaters in North America [61]. Free water surface 
CWs are also commonly used in Australia and New 
Zealand, especially for treatment of municipal waste- 
water, stormwater, and pasture runoff [62, 63]. 

Constructed wetlands with free water surface and 
emergent vegetation are very effective in removing 
suspended solids, organics, and microbial pollution. 
Removal of nitrogen and phosphorus is moderate. 

Constructed Wetlands with Floating Mats of 
Emergent Macrophytes Some emergent macro¬ 
phytes are capable of forming floating mats, even 
though their individual plants are not capable of such 
existence (Fig. 5). Under field conditions, the floating 
islands of emergent macrophytes may occur naturally 
as a consequence of bottom disturbance. Typha 
spp. (cattails), Glyceria maxima (Mannagrass), Phrag- 
mites australis (Common reed), Cyperus papyrus 
(Papyrus), Hydrocotyle umbellata (Pennywort), or 
Alternanthera philoxeroides (Alligator weed) are exam¬ 
ples of plants that are capable of growing in mats. 

The floating mats need the support structures, 
which keep plants in upright position. This is realized 
either by various netlike structures or by floating, 
usually styrofoam islands. This technology spread 
gradually around the world [64, 65] but any design 
guidelines have not been developed yet. 

Constructed Wetlands with Subsurface Flow 

Constructed wetlands with subsurface flow may be 
classified according to the direction of flow into hori¬ 
zontal (HF or HSF) and vertical (VF). Vertical-flow 
treatment wetlands could be further categorized into 
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Wastewater Treatment and Control Through Wetlands. Figure 5 

FWS CW with floating mats of emergent macropyhtes for treatment of stormwater runoff (Bornem, Belgium). Plants are 
kept in position with coconut strings (Photo: Jan Vymazal) 


downflow and upflow whether the wastewater is fed 
onto the surface or to the bottom of the wetland 
(Fig. 1). In these systems, there is no free water surface 
and processes, which are responsible for pollution 
removal occur in the layer of filtration material. 

Systems with Horizontal Subsurface Flow (HF CWs) 

In HF CWs, mechanically pretreated wastewater flows 
slowly under the surface of the filtration bed, which is 
filled with porous material planted with emergent mac¬ 
rophytes (Fig. 6). During this passage, the wastewater 
will come into contact with a network of aerobic, 
anoxic, and anaerobic zones. The aerobic zones occur 
around roots and rhizomes that leak oxygen into the 
substrate [66, 67]. The filtration bed is sealed from the 
surrounding by an impermeable layer, in most cases 
plastic liner (PVC, DHPE, LDPE) to prevent leakage to 
the groundwater (Fig. 6). In order to protect the liner 
from damage, a geotextile is commonly used (Fig. 6). 

The technology of wastewater treatment by means 
of constructed wetlands with horizontal subsurface 
flow was started in Germany based on research by 
K. Seidel commencing in the 1960s [20, 22, 23] and 
by R. Kickuth in the 1970s [68, 69]. The first full-scale 
HF Kickuth’s type CW for treatment of municipal 


sewage was put in operation in 1974 in the community 
Fiebenburg-Othfresen [69]. In 1981, the first HF 
constructed wetland was built in Weinitzen near Graz, 
Austria [70] and in 1983, the HF CW technology was 
introduced in Denmark where about 80 HF CWs were 
built by 1987. Despite problems with surface flow, soil- 
based systems exhibited high treatment effect for 
organics and suspended solids if vegetated bed area 
3-5 m 2 PE -1 was used (PE = population equivalent, 
60 g BOD 5 day -1 ) [66]. 

In 1985, first two HF CWs were built in the UK 
(here called Reed Bed Treatment Systems) and by the 
end of 1986 more than 20 HF CWs were designed [71]. 
The major change in the design was the use of very 
coarse filtration material (5-10 mm fraction),which 
ensured subsurface flow similarly to former design by 
Seidel [23]. Also, specific area of 5 m 2 PE -1 was used in 
the UK. During the 1990s, HF CWs were built in many 
European countries and HF CWs became the most 
widely used concept in Europe in the 1990s [26, 72]. 

In the USA, between 1972 and 1976, F. Spangler and 
colleagues started the research aimed at the use of 
constructed wetlands with horizontal subsurface flow 
in Seymour, Wisconsin to treat municipal wastewater 
[73, 74] . This study was followed by other experiments 
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Wastewater Treatment and Control Through Wetlands. Figure 6 

Constructed wetland with horizontal subsurface flow. Top - plastic liner [right) covered with a geotextile [left). Bottom - 
filtration bed filled with crushed rock (4-8 mm) with inflow and outflow zones filled with stones (32-64 mm) [right) 
planted with Reed canarygrass [Phalaris arundinacea) [left) (Photos: Jan Vymazal) 


in New York [75] and Mississippi [76] and during the 
early 1980s in California [77] and Kentucky [78]. 
North America was slower to adopt subsurface tech¬ 
nology as compared to Europe. However, in recent 
years, the use of these systems has drawn more atten¬ 
tion and it is estimated that there are about 8,000 
subsurface constructed wetlands at present [61]. HF 
CWs in Australia were also adopted in the late 1970s 
and early 1980s [79, 80] but at present mostly small 
on-site systems in rural areas are used treatment of 
domestic sewage [81]. 


Since the mid-1980s, the concept of HF CWs 
constructed wetlands has been used in South Africa 
[82]. At the end of the twentieth century, constructed 
wetland became more popular in tropical parts of 
Africa and there are now many fine examples of all 
types of constructed wetlands including HF systems 
treating municipal sewage as well as industrial waste- 
waters and mine drainage waters in [83, 84]. In Asia, 
the first information about the use of HF CWs 
appeared in the literature only in the early 1990s from 
India and China [85, 86] but at present, HF CWs are in 
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operation in many other Asian countries such as Korea, 
Taiwan, Japan, Nepal, Malaysia, or Thailand (e.g., [87, 
88] ). In South and Central America, the use of HF CWS 
is not widely distributed but this technology has 
recently got more attention (e.g., [89, 90]). 

The early HF CWs were filled with local soil in order 
to provide high filtration effect. However, this filtration 
material did not provide sufficient hydraulic conduc¬ 
tivity to keep the flow under the surface of filtration 
beds. After a short period of operation, the surface flow 
occurred. According to Kickuth’s theory, the root for¬ 
mation would increase the hydraulic conductivity of 
the soil matrix by about two orders of magnitude 
within 2-4 years of operation [91], but this phenome¬ 
non has never been proved (e.g., [70]) and based on 
recent studies, the presence of plant roots and rhizomes 
in the HF beds will have a negative effect on hydraulic 
conductivity (e.g., [92]). However, most of the hydrau¬ 
lic conductivity decline is apparently associated with 
sediments trapped within the filtration bed from the 
wastewater. Therefore, more coarse filtration material 
were required and it turned out that gravel or crushed 
rock provide required hydraulic conductivity and do 
not clog rapidly when the wastewater is properly 
mechanically pretreated [71]. Since the mid-1980s, 
washed gravel or crushed rock with the grain size 
between 5 and 20 mm is most commonly used. In 


order to keep the water below the filtration bed surface, 
it is also important to have a good mechanical 
pretreatment and reliable outflow structure. The small 
secondary systems usually use septic tanks, larger sec¬ 
ondary systems most commonly use a combination of 
screens, grit chamber, and Imhoff tank. However, many 
other combinations are possible. 

For good hydraulics of HF CWs also distribution 
and collection of water is important. In HF constructed 
wetlands, the aim is to get even distribution across the 
full-sectional area of the inlet end of the bed. The early 
systems used long channels with castellated or vee- 
notch weirs, but this distribution system had problems 
with screenable material collected at edges and causing 
maldistribution and therefore they were replaced with 
single pipes with adjustable tees or orifices spread along 
their length and later with perforated pipes either bur¬ 
ied or laid on the surface of the distribution zone. At 
the outlet end, most systems usually have a perforated 
agricultural drain pipe buried on the bottom of the 
outflow zone filled with stones. The pipe is connected 
with a sump where the water level is controlled by 
socketed pipes, swiveling elbows, or flexible hose(s) 
(Fig. 7), which can be held in position by a chain 
or rope. 

The macrophytes growing in constructed wetlands 
have several properties in relation to the treatment 
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Swiveling elbow hanging on a chain in HF CW Sklene, Czech Republic (Photo: Jan Vymazal) 
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process that make them an essential component of the 
design. In HF CWs plants, macrophytes (1) insulate the 
surface during the periods of cold weather, (2) provide 
substrate for attached bacteria and oxygenation (even 
very limited) of areas adjacent to roots and rhizomes, 
(3) release root exudates that may have antimicrobial 
properties, and (4) sequester nutrients from the waste- 
water in the (aboveground) biomass that could be 
removed via harvesting [93]. The most commonly 
used plant around the world is Phragmites australis 
(Common reed) but many other species such as 
Phalaris arundinacea (Reed canarygrass), Scirpus 
(Schoenoplectus) spp. (Bulrush), Iris pseudacorus 
(Yellow flag) are used including the local species. 

HF CWs provide high removal of suspended solids, 
organics, and microbial pollution; removal of nitrogen 
is moderate and removal of phosphorus is low unless 
special filtration media with high sorption capacity are 
used. Organic compounds are degraded by aerobic as 
well as anaerobic microorganisms attached to the 
plant’s underground organs (i.e., roots and rhizomes) 
and media surface. The aerobic processes are usually 
restricted only to the close vicinity of roots where 
oxygen leaks to the rhizosphere as diffusion of oxygen 
from the atmosphere to a saturated filtration bed is 
very slow [94] and therefore anoxic and anaerobic 
decomposition play an important role in HF 
constructed wetlands. 

The major removal mechanism for nitrogen in 
HF CWs is microbial nitrification/denitrification. 
However, the field measurements have shown that the 
oxygenation of the rhizosphere of HF constructed 
wetlands is insufficient and, therefore, the incomplete 
nitrification is the major cause of limited nitrogen 
removal. Volatilization, adsorption, and plant uptake 
play much less important role in nitrogen removal in 
HF constructed wetlands. Volatilization is limited by 
the fact that HF CWs do not have free water surface and 
algal activity is negligible in these systems. Nitrogen 
removal via plant uptake and subsequent harvesting 
is usually low as compared to inflow loads [95]. 

Phosphorus is removed primarily by ligand 
exchange reactions, where phosphate displaces water 
or hydroxyls from the surface of Fe and A1 hydrous 
oxides. However, media used for HF wetlands (e.g., pea 
gravel, crushed stones) usually do not contain great 
quantities of Fe, Al, or Ca and therefore, removal of 


phosphorus is generally low [95]. Recently, several fil¬ 
tration materials such as LECA (lightweight clay aggre¬ 
gates) have been tested in constructed wetlands [96]. 
The removal of phosphorus is very high but it is impor¬ 
tant to realize that sorption and precipitation are satu¬ 
rable and the sorption decreases over the time. It has 
been found that removal of phosphorus through plant 
harvesting is negligible and forms only a tiny fraction of 
the amount removed. However, this mechanism may 
play more significant role in nutrient removal in trop¬ 
ical and partially subtropical regions where the growth 
seasonality and nutrient translocations between above - 
and below-ground parts are minimal [95]. 

Microbial pollution removal is mainly achieved 
through a combination of physical, chemical, and bio¬ 
logical factors [97]. Physical factors include mainly 
filtration and adsorption. Chemical and biological 
factors may include oxidation, exposure to biocides 
excreted by a number of wetland plants, antimicrobial 
activity of root exudates, predation by nematodes and 
protists, activity of lytic bacteria or viruses, retention in 
biofilms and natural die-off [21, 93, 98]. 

Constructed wetlands with horizontal subsurface 
flow are primarily used to remove organics and 
suspended solids from the various types of wastewater. 
They are not effective in ammonia removal due to lack 
of oxygen in filtration bed but they provide suitable 
conditions for denitrification. Also, phosphorus 
removal is effective only when special filtration mate¬ 
rials are used. 

Systems with Vertical Subsurface Flow (VF CWs) 

The earliest form of vertical-flow (VF) system is that 
of Seidel in Germany [23] , which was used to oxygenate 
anaerobic septic effluents. Similar systems in the 
Netherlands were called “infiltration fields” [99]. Inter¬ 
est in the particular process seemed to wane but it was 
revived in the last decade because of the need to provide 
low ammonia concentrations in the discharged water. 

Vertical-flow (VF) constructed wetlands comprise 
a sandy filtration bed planted with macrophytes. The 
wastewater is fed intermittently on the wetland surface 
(Fig. 8) and the next batch of wastewater is flushed only 
after the previous batch percolated through the filter. 
Wastewater is collected by a drainage network at 
the base. This feeding mode drains the bed completely 
free and it allows air to refill the bed. As a result, 
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Wastewater Treatment and Control Through Wetlands. Figure 8 

Wastewater distribution in an experimental VF CW Carrion de Cespedes, Seville, Spain (picture taken before planting) 
(Photo: Jan Vymazal) 


vertical-flow CWs provide good oxygen transfer and 
hence the ability to nitrify. The major purpose of mac¬ 
rophyte presence in VF CWs is to help maintain the 
hydraulic conductivity of the bed. By far, the most 
frequently used species is Phragmites australis. The 
early vertical-flow systems were usually staged systems 
with parallel and series beds. Such VF systems are now 
called firsCgeneration VF systems [100]. Recently, VF 
systems with only one bed have been used. These sys¬ 
tems are called second-generation VF CWs or compact 
vertical-flow beds [101]. 

The removal mechanisms in VF CWs are the same 
as in HF CWs. However, the major difference is the 
extent of processes responsible for nitrogen transfor¬ 
mation and removal. VF CWs provide much higher 
degree of nitrification but removal of total nitrogen is 
comparable (Table 1) because the redox conditions in 
VF CWs are not suitable for denitrification and nitro¬ 
gen is discharged as nitrate [95]. 

Vertical-flow constructed wetlands are very often 
used for on-site treatment [100, 101] but some coun¬ 
tries such as France, the VF CWs are used to treat 
municipal sewage [102]. VF systems are getting more 
popular especially for their ability to remove ammonia. 
The most commonly used format is that a series of first 


stage beds dosed in rotation acts as combination of 
a sludge drying reed bed and pretreatment and the 
second stage is a “conventional” VF bed [102]. 

Besides vertical-flow CWs fed on the surface, there 
are VF wetlands that are fed on the bottom of the filter 
bed (so-called “upflow” systems). The water percolates 
upward and then it is collected either near the surface 
or on the surface of the wetland bed. These systems 
have commonly been used in Brazil since the 1980s 
[103], but they are used now in limited numbers in 
other countries as well. 

Tidal flow systems are a new form of VF system 
[ 100] . These systems were developed to try to overcome 
some of the problems that were seen in the early forms 
of VF systems related to clogging of the surface. Upflow 
systems have been used for about 20 years but they suffer 
from the problem that distribution is below the surface 
and hence hidden from the observers. In tidal flow 
systems at the start of the treatment cycle the wastewater 
is fed to the bottom of the bed into the aeration pipes. 
It then percolates upward until the surface is flooded. 
When the surface is completely flooded the pump is 
then shut off, the wastewater is then held in the bed in 
contact with the microorganisms growing on the media. 
A set time later the wastewater is drained downward and 
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Wastewater Treatment and Control Through Wetlands. Table 1 Treatment performance of downflow, vertical-flow, 
and horizontal-flow constructed wetlands: worldwide experience 



Vertical flow 




Horizontal flow 



In 

Out 

Eff. (%) 

n 

In 

Out 

Eff. (%) 

n 

bod 5 

309 

21 

87.9 

97 

170 

42 

73.4 

438 

COD 

547 

70 

78.6 

115 

427 

143 

62.7 

292 

TSS 

188 

18 

77.1 

74 

141 

35 

68.6 

367 

TP 

10.6 

4.6 

48.3 

94 

9.6 

4.8 

42.8 

272 

TN 

70 

37.6 

44.0 

64 

63.1 

36 

39.7 

208 

nh 4 -n 

56.4 

10.6 

78.9 

94 

36.1 

22.1 

22.6 

305 

NO b -N 

0.62 

25.3 


70 

8.0 

5.9 

26.0 

210 

FC* 

5.95 

3.0 

97.6 

20 

8.22 

5.17 

92.4 

95 


In = inflow, Out = outflow, Eff. = efficiency, n = number of systems. *FC = fecal coliforms (log CFU 100 ml (Data from Vymazal and 
Kropfelova 2008) 


after the water has drained from the bed the treatment 
cycle is complete and air diffuses into the voids in the 
bed [100]. 

Hybrid Constructed Wetlands 

Various types of constructed wetlands may be com¬ 
bined in order to achieve higher treatment effect, espe¬ 
cially for nitrogen. Many of these systems are derived 
from original hybrid systems developed by Seidel at the 
Max Planck Institute in Krefeld, Germany. The process 
is known as the Seidel system, the Krefeld system, or the 
Max Planck Institute Process (MPIP) [23]. The design 
consisted of two stages of several parallel VF beds 
followed by two or three HF beds in series. This con¬ 
figuration provides nitrification in the first (VF) wet¬ 
land and denitrification in the second (HF) wetland. 
Such systems were built, among others, in France 
[104], the UK [105], Norway [106], or Belgium [107]. 

In the mid-1990s, Johansen and Brix [108] intro¬ 
duced a HF-VF hybrid system with a large HF bed placed 
first and a small VF bed as the second stage. In this 
system, nitrification takes place in the vertical-flow 
stage at the end of the process sequence. If nitrate removal 
is needed it is then necessary to recirculate the effluent 
back to the front end of the system where denitrification 
can take place. It is possible to recycle the wastewater to 
the pretreatment unit (e.g., septic tank) or to the HF CW 


where conditions are favorable for denitrification 
(anoxic/anaerobic conditions and sufficient concentra¬ 
tion of organics necessary for denitrification) [109]. 

Recently, hybrid constructed wetlands have com¬ 
bined even more types of CWs including FWS systems 
in order to achieve better treatment performance of the 
system. The FWS CWs help to oxygenate the water but 
very often contribute to the increase of suspended 
solids due to the presence of planktonic algae in the 
outflow. For example, Masi et al. [110], Mander et al. 
[Ill], and Brixetal. [112] reported the use ofVF-HF- 
FWS-pond hybrid system to treat winery wastewaters 
in Ornellaia (Italy), sewage in Koo (Estonia), and 
sewage in tsunami-destroyed area at the island of 
Phi Phi Don (Thailand). 

The Use of Constructed Wetlands for Various 
Types of Wastewater 

Constructed wetlands have mostly been used to treat 
municipal or domestic sewage. However, over the 
period of 4 decades, the constructed wetlands have 
also been used to treat nearly all types of wastewaters 
including industrial and agricultural, landfill leachate, 
mine drainage waters, and runoff waters (Table 2). 

When municipal sewage treatment is concerned 
besides the common pollutants such as organics, 
suspended solids and nutrients also specific compounds, 
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such as linear alkylbenzene sulfonates, the most widely 
used synthetic surfactants [115], or PPCP (Pharmaceu¬ 
ticals and Personal Care Products) [116] are moni¬ 
tored. For both groups of compounds, constructed 
wetlands proved to be a suitable treatment technology. 

Constructed wetlands are used to treat a wide 
variety of industrial wastewaters (Table 2). Industrial 
wastewaters vary widely in composition and also 
strength and some of these wastewaters such as those 
from food processing, distillery, winery or abattoir 
belong to the most concentrated wastewaters especially 
because of high concentrations of organics. However, 
it has been shown that constructed wetlands (Fig. 9) 
can handle these wastewaters successfully [117]. Also 
wastewaters from agroindustry operations are very 
strong and very often contain very high concentrations 
of suspended solids, organics, and ammonia. There¬ 
fore, it is necessary to include several steps of 
pretreatment and constructed wetlands are usually 
used as final treatment step. 

Constructed wetlands are commonly used for treat¬ 
ment of various kinds of runoff. They improve water 
quality, modify the flow rates by storing water tempo¬ 
rarily, attenuate flow, and reduce downstream scouring 
and erosion. Target pollutants differ among types of 
runoff. In highway, road and urban (Fig. 10) runoff, the 


targets are suspended solids, organics, oil and grease, 
and heavy metals [118]. In nursery, greenhouse, agri¬ 
cultural, pasture, and golfcourse (Fig. 11) runoff, the 
major targets are nitrates, phosphorus, and herbicides 
[119]. In airport runoff, the major targets are de-icing 
and anti-icing compounds applied to the aircraft and 
taxiways [120]. 


Wastewater Treatment and Control Through Wetlands. 
Table 2 The use of constructed wetlands for various types 
of wastewater [28, 29, 114, 11 5] 


Industrial 

Petrochemical, pulp and paper, electric 
utility, abattoir, tool industry, power station, 
sugar industry, olive mill, potato processing, 
soft drinks, explosives, chemicals, cheese, 
herbicides, textile, tannery, distillery, 
winery, laundry, fish farm, aquaculture (fish, 
shrimp) 

Agriculture 

Swine, livestock, poultry, dairy 

Runoff 

Dairy pasture, tile drainage, agriculture (row 
crops), residential areas, roads, highways, 
airport, golf-courses, greenhouse, nursery 

Mine 

waters 

Acid coal acid lignite, alkaline coal, coal 
slurry, metals (Cu, Zn, Pb, U), spoil heaps 

Leachate 

Landfill, compost, mushroom farm, wood 



Wastewater Treatment and Control Through Wetlands. Figure 9 

HF CW planted with Typha domingensis for treatment of abattoir wastewater in San Jacinto, Uruguay (Photo: Jan Vymazal) 
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Wastewater Treatment and Control Through Wetlands. Figure 10 

FWS CW for urban stormwater runoff treatment in Woodcroft Estate near Sydney, Australia (Photo: Jan Vymazal) 



Wastewater Treatment and Control Through Wetlands. Figure 11 

FWS CW for treatment of golfcourse runoff (Rivertowne Country Club, Charleston, South Carolina, USA) (Photo: Jan 
Vymazal) 
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Avery large application area for constructed wetlands 
is the treatment of mine drainage waters from coal 
(Fig. 12) and metal ores mining activities (Table 2). 
The target parameters are sulfates, iron, manganese, 


aluminum, acidity and alkalinity in coal mining drain¬ 
age, and heavy metals in metal ores drainage waters. 

Constructed wetlands are also used to treat various 
leachates. The most systems have been built to treat 
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Wastewater Treatment and Control Through Wetlands. Figure 12 

Constructed wetland with free water surface and emergent vegetation (Typha latifolia) in Monastery Run, Pennsylvania, 
USA for treatment of mine drainage waters (Photo: Jan Vymazal) 


landfill leachates [121, 122]. This application is getting 
more attention nowadays and examples of constructed 
wetlands could be found in Canada, the USA, Slovenia, 
Norway, Poland, the UK, among others [114]. 

Future Directions 

Constructed wetlands have evolved over the period of 
nearly 4 decades into a widely accepted alternative for 
wastewater treatment of all types of wastewaters, 
despite the mistrust of many civil engineers and water 
authorities. These systems are very effective in remov¬ 
ing pollution from wastewater and at the same time 
their operation and maintenance costs are much lower 
as compared to conventional treatment systems. Vari¬ 
ous types of constructed wetlands provide specific 
advantages and therefore their combination may 
enhance the treatment effect. 

Indeed, constructed wetlands do have their “weak 
points” such as phosphorus removal. So far, constructed 
wetlands have not been recommended as an appropriate 
technology for phosphorus removal unless specific filtra¬ 
tion materials are used. However, the artificially prepared 
materials are usually expensive and therefore intensive 
efforts are made to test various waste materials such as 


blast and electric arc furnace steel slags or fly ash (inor¬ 
ganic waste product from coal or oil shale combustion) 
to enhance phosphorus removal [123, 124]. 

It is desirable to pay more attention to secondary 
benefits of constructed wetlands designed primarily for 
wastewater treatment. For examples, the ecosystem 
services on the landscape are often neglected and sel¬ 
dom studied. Also the use of plant biomass from 
constructed wetlands is only scarce [125]. 
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Glossary 

Micropollutant Pollutant that exists in very small 
traces in aquatic environment including pharmaceu¬ 
tical drugs and endocrine-disturbing compounds. 
Pharmaceuticals Chemical substances used in the 
medical diagnosis, cure, treatment, or prevention 
of disease. 

Metabolites Intermediates and products formed by 
the metabolic transformations of a drug. 

Personal care products Products used by individuals 
for personal cosmetic reasons, including fragrances 
and cosmetics. 

Anthropogenic indicator Molecular markers of 
sewage-derived contaminants which is useful for 
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identifying the sources of pollutants and tracing 
their transport pathways in aquatic environment. 
Wastewater effluent Wastewater discharge from the 
wastewater treatment systems based upon physical, 
chemical, and biological processes. 

Octanol-water partitioning coefficient Distribution 
equilibrium of a compound between water and 
n-octanol (K ow ) which is helpful to predict adsorp¬ 
tion tendency of a compound. 

Acidity constant Dissociation equilibrium constant for 
acid-base reactions, that is, acid dissociation constant. 

Definition of the Subject 

Micropollutants including pharmaceuticals, personal 
care products (PPCPs) have been an emerging issue 
in aquatic environment for several decades. Based on 
the improvement of the technology to detect and quan¬ 
tify these chemicals, the occurrence, fate, and removal 
mechanism of various micropollutants has extensively 
been investigated through different physical, chemical, 
and biological water treatments in different water 
sources. Rivers, lakes, estuarine waters, groundwaters, 
and even drinking waters are subject to the contami¬ 
nations resulting from the release of anthropogenic 
micropollutants from wastewater treatment plants. 
The ubiquitous distribution of PPCPs and their metab¬ 
olites is mainly caused by the discharge of partially 
eliminated wastewater contaminants into rivers, with 
growing concerns of potential ecotoxicological effects 
of pharmaceuticals on environment. With this point, 
the micropollutants have to be monitored for sustain¬ 
able water management. Besides the existence, 
micropollutants with varying chemical characteristics, 
in terms of acidity constant (pK a ), octanol-water 
partitioning coefficient (logK ow ), may exhibit different 
transport behaviors in aquatic environment, with those 
being divided into conservative versus labile markers. 
There is a great need to suggest anthropogenic micro- 
pollutant indicators to predict the levels and behaviors of 
other micropollutants even with different physicochem¬ 
ical properties, for the sustainable management of the 
river, as measurements of all the micropollutants require 
complicated procedures and extensive time and expense. 

Introduction 

Micropollutants including pharmaceuticals and per¬ 
sonal care products (PPCPs) have been extensively 


examined by a large number of research groups [1-6]. 
The worldwide occurrence of PPCPs has not been 
limited to wastewater plant effluents [2, 7], but have 
also been observed in river water [5, 8-10], groundwa¬ 
ter [7], estuarine water [4,12], and even drinking water 
[2, 13]. In an attempt to reduce the anthropogenic 
burden of these pollutants on the environment, 
recent studies have focused on the removal of 
micropollutants, including pharmaceuticals, by means 
of activated sludge treatment, bank filtration, oxida¬ 
tion, and wetland treatment [14, 15]. Some previous 
studies have also suggested that the existence of certain 
micropollutants could be used as anthropogenic 
molecular markers to trace wastewater-derived con¬ 
taminants [4, 7, 16, 17]. 

According to Nakada et al. [4], in riverine catch¬ 
ments in Japan, there were relatively high correlations 
between the levels of crotamiton and carbamazepine 
and human population compared to biodegradable 
(ibuprofen), photodegradable (naproxen), volatile, 
and hydrophobic (triclosan) compounds. Some studies 
have attempted to use pharmaceuticals, especially those 
being used solely by humans, such as carbamazepine, 
diphenhydramine, and caffeine, as chemical indicators 
of human fecal contamination in water samples 
upstream and downstream of wastewater treatment 
plants and the corresponding wastewater effluent [7]. 
Clara et al. [18] also suggested that carbamazepine 
would be a good anthropogenic marker since it 
was highly persistent in 11 full-scale wastewater treat¬ 
ment plants in Austria, regardless of the wastewater 
treatment processes, including activated sludge, trick¬ 
ling filter, nitrification, denitrification, and phos¬ 
phorus removal systems. The levels of caffeine, 
nitrate, and ammonia were also investigated in many 
different groundwater wells that were connected to 
either wastewater plants or septic tanks to test the 
potential of using caffeine as a wastewater discharge 
indicator. The results of this study demonstrated both 
the possibility and limitation of using caffeine as the 
indicator since the amount of discharged caffeine 
was very high and caffeine was not susceptible to 
biodegradation [19]. 

Several recent studies have been conducted to exam¬ 
ine the potential fate and transport mechanisms of 
pharmaceuticals and to correlate these factors to waste- 
water contaminants [10, 20]. Correlation analysis 
with the representative parameters of wastewater 
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contaminants has provided statistically approved indi¬ 
cators. Yoon et al. [10] reported that the COD cr was 
strongly correlated with EDC/PPCP concentrations 
(r = 0.78), and Santos et al. [20] reported that phar¬ 
maceuticals were positively correlated to wastewater 
characterization parameters such as TSS, BOD, 
and COD. 

The hydrophobicity parameter, logK ow , is 
believed to be an important indicator for specific 
compounds in predicting their bio-resistance and 
adsorption tendency, and consequently this parameter 
can be utilized to evaluate pharmaceuticals as potential 
markers of contamination in riverine and estuarine 
ecosystems. In a previous study conducted by 
Glassmeyer et al. [7], the logK ow parameters of selected 
pharmaceuticals, including carbamazepine, diphenhy¬ 
dramine, and caffeine, were not examined, but it is 
believed that information on the logK ow of the tested 
compounds can help explain their behaviors in aquatic 
ecosystems. The logK ow value (—0.07) of caffeine is 
relatively low, thus it is highly biodegradable; mean¬ 
while, the values of carbamazepine and diphenhydra¬ 
mine are relatively high (2.45 and 3.20) and the logK ow 
value of diphenhydramine is dependent on pH. These 
factors suggest that carbamazepine holds great promise 
as an effective human fecal indicator, which is similar 
to the results reported in other studies. Functional 
groups, such as the carboxylic moiety, may substan¬ 
tially change the logK ow to normally lower values at 
neutral pH (e.g., 3.79-0.80 at pH 7.4 for ibuprofen with 
carboxylic group). The biodegradation potential of 
pharmaceuticals in constructed-engineered wetlands 
fed with wastewater effluent has been shown to be 
tightly related to the pH when considered in conjunc¬ 
tion with logK ow (i.e., logD) [21]. The logD parameter 
has rarely been applied in micropollutant research, but 
is believed to provide important information in 
predicting the fate of micropollutants in an aquatic 
environment. 

The objectives of this study were: First, to investi¬ 
gate the occurrence of selected micropollutants includ¬ 
ing pharmaceuticals and their metabolites in Yeongsan 
River water; second, to evaluate potential anthropo¬ 
genic molecular markers in the river water by correlat¬ 
ing their levels to wastewater quality parameters; and 
lastly, to elucidate the behaviors of pharmaceuticals 
with regard to the chemical characteristics, logD 
and pK a . 


Materials and Methods 

Investigated Area and Sampling Sites 

The Yeongsan River located in southwestern Korea 
was selected to investigate the possibility of using 
certain pharmaceuticals and personal care products 
(PPCPs) as anthropogenic indicators. The Yeongsan 
River system covers a basin area of 3,371 km 2 and 
has a total length of 115.5 km. The Yeongsan 
River starts from Damyang County, runs through 
three big cities, Gwangju, Naju, and Mokpo cities, 
and comes to the Yellow Sea through the estuarine 
barrier. Gwangju discharges a significant amount of 
wastewater to the Yeongsan River area, and has 
a population of approximately 1.4 million inhabitants. 
This city also contains several wastewater treatment 
plants that utilized the activated sludge process and 
discharges between 120,000 and 600,000 m 3 /day. 
The Gwangju city is most likely the most important 
source of anthropogenic micropollutants, due to its 
dense population relative to adjacent cities around 
the Yeongsan River. As shown in Fig. 1, a total of 
13 sampling sites upstream and downstream of the 
Yeongsan River were selected for micropollutants 
analysis. Sample collection was conducted four times 
from March to October in 2009. The precipitation 
in Gwangju area was mainly concentrated from 
June to September implying the dilution of contami¬ 
nants (World Weather Information Service http:// 
worldweather.wmo.int/095/c00335.htm). The weather 
conditions (water level, precipitation, temperature, 
and sun irradiation) in Gwangju are shown in Fig. 2. 
Sampling sites were changed between March and July 
from a project guideline switching, and maintained for 
later investigations. 

Sample Collection and Water Quality Analysis 

1 F river-water samples were collected from the 
Yeongsan River in amber glass bottles which had been 
previously cleaned with methanol and deionized pure 
water. One milliliter of 2 N sodium azide was spiked 
onsite into the sample bottles to prevent microbial 
activity. Samples were transported to the laboratory 
on ice and stored at 4°C until extraction. In situ mea¬ 
surements were conducted in terms of temperature, 
pH, conductivity, oxidation reduction potential 
(ORP), and dissolved oxygen (DO). In order to 
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Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Figure 1 

Map of sampling sites in Yeongsan River area, Korea (DY Damyang, GJ1 Gwangju 1, GJC Gwangju Creek, GJ2 Gwangju 2, G5 
Gwangsan, HRT Hwangrong tributary, JSC Jiseok Creek, NJ Naju, YSL Yeongsan Lake, GMWC Gomakweon Creek, MAI 
Muan 1, YAC Youngam Creek, MA2 Muan2) 


investigate the relationship between water characteris¬ 
tics and micropollutants, the characteristics of the 
water samples without sodium azide were examined 
in terms of dissolved organic carbon (DOC), ultravio¬ 
let absorbance (UVA), specific UVA (SUVA), and 
total nitrogen (TN) after pretreatment using 0.7 pm 
glass macro-fiber filters (GFF, Whatman, Maidsone, 
England). The level of DOC was measured using 
a total carbon analyzer (Sievers, Boulder, CO, USA), 
equipped with an auto sampler, by employing both 
chemical and UV oxidation methods. DOC for 
brackish water, that is, non-purgable organic carbon 
(NPOC), was measured using the TOC Vcph 
(Shimadzu, Kyoto, Japan), by employing the combus¬ 
tion catalytic oxidation method simultaneously with 
a nondispersive infrared (NDIR) gas analyzer TN, 


which was measured in TN unit (TNM-1, Shimadzu, 
Japan), equipped with the Shimadzu TOC analyzer. 
UV absorption at 254 nm was analyzed using a UV- 
1601 UV spectrophotometer (Shimadzu, Japan). SUVA 
was obtained by calculating the ratio of UVA to DOC. 
The fundamental water characteristics of the tested 
samples are shown in Fig. 3. DOC and TN were used 
as indicators of discharged contaminants from both 
point and nonpoint sources. SUVA was used as an 
indicator of the aromaticity of natural and effluent 
organic matter. 

Target Compounds 

Various micropollutant compounds, including 13 
pharmaceuticals, four selected metabolites, and one 
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Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Figure 2 

The 2009 monthly averaged temperature, sun radiation, water levels of Yeongsan River, and a 10-year average of 
precipitations in Gwangju, Korea 


personal care product, were selected as listed in Table 1. 
Acetaminophen (ACT), atenolol (ATN), carbamaze- 
pine (CBZ), clopigogrel (CPG), diclofenac (DCF), 
dilantin (DLT), florfenicol (FFC), glimepiride (GMP), 
ibuprofen (IBU), naproxen (NPX), O-desmethyl- 
naproxen (O-desmethyl-NPX), sulfamethoxazole 
(SMX), and tri(2-chloroethyl) phosphate (TCEP) 
were obtained from Sigma-Aldrich (St. Louis, MO). 
Caffeine (CAF) was purchased via Fluka Chemie 
GmbH (Buchs, Switzerland). 2-hydroxyl-ibuprofen 
(IBU-20H), ibuprofen carboxylic acid (IBU-CA), 
iopromide (IOP), and N- acetyl-sulfamethoxazole 
(N-acetyl-SMX) were purchased via Tronto Research 
Inc (Tronto, Canada). Carbamazepine-d 10 and 
13 C!-naproxen-d 3 were purchased from Cambridge 
Isotope Laboratories (Andover, MA, US). Atenolol-d 7 , 
diclofenac-d 4 , and dilantin-d 10 were obtained from 
C/D/N Isotopes (Pointe-Claire, Canada). Florfenicol- 
d 3 , ibuprofen-d 3 , N 4 -acetylsulfamethoxazole-d 4 , and 
sulfamethoxazole-d 4 were obtained from Tronto 
Research Inc (Tronto, Canada). HPLC grade methanol 
was obtained from J.T Baker (Philipsburg, NJ, USA). 
Methyl tert -butyl ether (MTBE) and formic acid were 
obtained from Sigma-Aldrich (St. Louis, MO, USA). 

These selected compounds have different aromatic¬ 
ity and hydrophobicity, in terms of both logK ow and 


logD values at pH 7, and contain ionizable functional 
groups, which can be measured through pK a values 
(Table 1). The relative degree of biodegradability (or 
persistency) of the tested compounds can be deter¬ 
mined by considering both the logK ow and logD values. 
Compounds with logK ow and logD values higher than 
2.0 (i.e., carbamazepine, TCEP) are highly persistent 
through biologically active systems, such as wastewater 
treatment plants and free surface constructed wetlands. 
Even with relatively high logK ow values, compounds 
with lowered logD (i.e., logK ow at pH 7) values, have 
higher removal efficiencies from biologically active 
ecosystems. 

Solid Phase Extraction 

The tested micropollutants were extracted using an 
AutoTrace automated solid phase extraction (SPE) sys¬ 
tem (Caliper Corporation, Hopkington, MA), 
equipped with 6 mL, 500 mg hydrophilic-lipophilic 
balance (HLB) glass cartridges (Waters Corporation, 
Milford, MA). The procedure used for SPE was 
described in a previous study by Vanderford et al. [ 1 ]. 
Briefly, the cartridges were preconditioned in the 
following order: 5 mL of MTBE, 5 mL of methanol, 
and 5 mL of deionized water. Five hundred milliliters 
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Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Figure 3 

Characteristics of Yeongsan River waters, Korea 


of samples, spiked with the addition of standards for 
internal calibration, were loaded onto the cartridges at 
15 mL/min in duplicate, after which the cartridges were 
rinsed with 5 mL of deionized pure water, and then 
dried with a steam of air for 50 min. The cartridges 
were eluted with 5 mL of methanol, followed by 5 mL 
of 1/9 (v/v) methanol/MTBE. The eluted solution was 
concentrated in a water bath at 40° C with a gentle 


stream of air to a final volume of 500 pL, which was 
a concentration factor of 1,000. 

Liquid Chromatography and Electrospray Tandem 
Mass Spectrometry 

Whole analytes were measured using a Water 2,695 
Separations Module (Waters, Milford, MA) coupled 
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Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Table 1 

Selected target pharmaceuticals and personal care product 


Analyts 

Uses 

Structure 

pKa a 

logKow 

logD a at 
pH7 

Atenolol 

Beta-blocker 

PH 

? 3 fiTn 

H OH 

NE b 

0.43 

-2.14 

Clopigdogrel 

Antiplatelet agent 

CH 3 

c° 

fi 

^c, 

NE 

4.03 

3.97 

Carbamazepine 

Anticonvulsant 

h 2 n^o 

NE 

2.77 

2.77 

Dilantin 

Anticonvulsant 

H /? 

N —Y 

0^ 

8.46 

2.15 

2.13 

Sulfamethoxazole 

Antibiotic 

n h 

2 \=/ ii yv 3 

° N-0 

6.16 

0.79 

0.14 

N 4 -acetylsulfamethoxazole 

Sulfamethoxazole 

metabolite 

0 

H,cV^r\y Hs 

0 N-O 

5.88 

0.86 

0.1 

Florfenicol 

Antibiotic 

OH F 

\XX*v j 'ci 

H 3 C \\ 0 

0 

9.03 

0.67 

0.67 
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Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Table 1 
(Continued) 


Analyts 

Uses 

Structure 

pKa a 

logK ow a 

logD a at 
pH7 

Diclofenac 

Analgesic 

0 

HO" > \ Cl 

H 

4.00 

4.26 

0.96 

Acetaminophen 

Analgesic 

0 

/=\ V CH 3 

H0 

9.46 

0.91 

0.91 

Naproxen 

Analgesic 

ch 3 

h 3 c - q /C^XD^^oh 

4.19 

2.99 

0.25 

O-desmethyl-naproxen 

Naproxen 

metabolite 

CHg 

° H 

4.34, 

9.78 

3.9 

0.23 

Ibu profen 

Analgesic 

ch 3 

HO 

4.85 

3.84 

1.71 

2-hydroxyl-ibuprofen 

Ibuprofen 

metabolite 

HO PH 3 

H 3 C > V^A/ CH3 

HO 

4.63 

2.08 

0.03 

Ibuprofen carboxylic acid 

Ibuprofen 

metabolite 

0 ch 3 

HO 

3.97, 

4.77 

2.78 

-2.36 

Glimepiride 

Anticholesterol 

_ . CH 3 

h h f T T T 

jOT^ 0 0 

4.32 

3.12 

2.18 
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Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Table 1 
(Continued) 


Analyts 

Uses 

Structure 

pKa a 

logK ow a 

logD a at 
pH7 

Caffeine 

Stimulant 

M OH, 

H,C 'n-U\ 

1 

ch 3 

NE 

-0.55 

-0.55 

lopromide 

X-ray contrast media 

OH 

O^NH 

0 lvs rr : ch„ oh 

1 O 

NE 

-1.49 

-1.54 

tri(2-chloroethyl) 
phosphate (TCEP) 

Flame retardant 

0, 

^0 _/ 

O-P-O 
/ II 

/- 0 

Cl 

NE 

2.11 

2.11 


a logK ow/ log D, pK a value was calculated from the Software Calculator Plugins 
b NE not exist at pH range 1-14 


with a Micromass Quattro Micro triple-quadrupole 
tandem mass spectrometer (Micromass, Manchester, 
UK) in electrospray ionization mode (ESI). A 20-pL 
sample loop and 150 x 2.1-mm SunFire Cl8 column 
with a particle size of 3.5 pm (Waters, Milford, MA) 
was employed for analyte separation. A binary gradient 
consisting of 0.1% formic acid (eluent A) and 100% 
acetonitrile (eluent B) at a flow rate of 0.2 mL/min was 
equally applied in both ESI positive and negative 
modes. For target micropollutants analyses, the gradi¬ 
ent was as follows: gradient with 10% of B was held for 
0.5 min, stepped up to 50% at 0.51 min, and linearly 
increased to 100% for 10 min, then held at 100% for 
5 min. 

The triple-quadrupole tandem mass spectrometer 
was operated in the multiple reaction monitoring 
(MRM) mode to identify the analytes. Details on the 


MRM data of target compounds are listed in Table 2. 
The operation conditions were: capillary voltage, 
3.0 kV; the source temperature, 150°C; desolvation 
temperature, 350°C; cone gas, 30 L/h; desolvation gas, 
500 L/h; and collision cell pressure, 3 x 10 -3 mbar. 

Limit of Detection and Calibration 

Method detection limit (MDL) was determined using 
seven different deionized water samples, fortified with 
unlabeled standards at 5 and 10 ng/L through the same 
extraction procedure used for the river-water samples. 
Statistical MDL was calculated by multiplying the 
appropriate student’s T value (degree of freedom is 
2.764 for n — 1 = 10) by the standard deviation of the 
replicate measurements [22]. The range of the spiked 
levels for MDL determination should be included 
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Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Table 2 

Optimized parameters of selected micropollutants 


compound 

Cone voltage 
(v) 

Collision energy 
(eV) 

Parent ion 
(m/z) 

Daughter ion 
(m/z) 

Retention time 
(min) 

ESI positive 

Atenolol 

35 

23 

267 

145 

2.25 

Atenolol-d 7 

35 

25 

274 

145 

2.24 

Caffeine 

35 

20 

195. 

138 

6.11 

Sulfamethoxazole 

30 

18 

254 

156 

7.83 

Sulfamethoxazole-d 4 

25 

15 

258 

160 

7.80 

Dilantin 

35 

13 

253 

182 

8.68 

Dilantin-d 10 

30 

12 

263 

192 

8.63 

Carbamazepine 

35 

18 

237 

194 

8.70 

Carbamazepine-d 10 

35 

18 

247 

204 

8.74 

TCEP 

30 

16 

285 

161 

9.12 

Glimepiride 

28 

13 

491 

352 

11.34 

Clopidogrel 

25 

20 

322 

184 

12.05 

Acetaminophen 

28 

17 

152 

109.9 

3.98 

ESI negative 

lopromide 

20 

14 

790 

127 

2.13 

Naproxen 

10 

8 

229 

185 

9.84 

Naproxen-d 3 

10 

6 

233 

189 

9.83 

O-desmethyl-naproxen 

15 

12 

215 

171 

8.10 

Diclofenac 

15 

10 

294 

249 

11.27 

Diclofenac-d 4 

15 

12 

298 

254 

11.23 

Ibu profen 

15 

8 

205 

161 

11.63 

lbuprofen-d 3 

15 

8 

208 

164 

11.63 

2-hydroxyl-ibuprofen 

17 

7 

221 

177 

8.17 

Ibuprofen carboxylic acid 

12 

5 

235 

191 

8.04 

A/-acetyl- 

sulfamethoxazole 

30 

13 

294 

198 

7.71 

A/-acetyl- 

sulfamethoxazole-d 4 

35 

14 

298 

202 

7.65 

Florfenicol 

11 

25 

356 

336 

7.84 


between calculated MDL and ten times of calculated 
MDL. In this entry, the limits of detection (Table 3) 
were calculated by multiplying the MDL by 3. All 
analytes were quantified using a 7-8 point calibration 


graph at 0.5,1.0, 5.0,10, 50,100,150, and 200 pg/L, and 
the concentration of the isotopically labeled com¬ 
pounds was 100 pg/L. Recovery of the labeled internal 
standards was measured and used for comparison with 
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Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Table 3 

Method detection limits (MDL), reporting limits (RL) for target compound, and ranges in concentrations of PPCPs and their 
metabolites along Yeongsan River (n = 33 for PPCPs, n = 23 for metabolites) 



MDL 

(ng/L) 

RL (ng/L) 

Min. 

(ng/L) 

25th percentile 
(ng/L) 

Median 

(ng/L) 

75th 

percentile 

(ng/L) 

Max. 

(ng/L) 

Frequency 

(%) 

Atenolol 

1.2 

3.4 

3.4 

5.1 

9.5 

38.8 

217.5 

93.9 

Clopidogrel 

0.6 

1.9 

2.2 

2.8 

6.3 

8.6 

10.4 

81.8 

Dilantin 

1.2 

3.7 

5.4 

8.1 

16.4 

23.8 

31.3 

78.8 

Carbamazepine 

0.7 

2.1 

2.1 

10.6 

26.2 

77.3 

180.4 

97.0 

Sulfamethoxazole 

0.6 

1.7 

3.2 

10.6 

24.9 

52.1 

101.1 

100.0 

Florfenicol 

0.7 

2.0 

2.5 

3.6 

8.9 

18.7 

175.6 

30.3 

Naproxen 

3.3 

10.0 

11.7 

16.1 

38.3 

84.0 

265.9 

60.6 

Ibuprofen 

1.2 

3.6 

5.0 

9.9 

25.3 

69.3 

521.4 

66.7 

Diclofenac 

1.3 

3.8 

5.9 

19.2 

35.7 

66.5 

125.0 

39.4 

Acetaminophen 

0.5 

1.5 

6.7 

15.0 

29.4 

64.2 

148.7 

100.0 

Glimepiride 

1.5 

4.6 

8.0 

10.2 

31.5 

39.4 

52.6 

69.7 

Caffeine 

1.5 

4.6 

12.5 

27.3 

74.9 

209.3 

1506.9 

100.0 

lopromide 

2.1 

6.3 

11.9 

43.5 

109.5 

255.1 

665.3 

93.9 

A/-acetylsulfamethoxazole 

0.9 

2.7 

3.0 

6.5 

13.0 

16.0 

22.3 

56.5 

O-desmethyl-naproxen 

1.2 

3.5 

4.3 

22.1 

40.0 

131.6 

205.0 

30.4 

2-hydroxyl-ibuprofen 

0.9 

2.7 

5.0 

24.2 

40.8 

50.4 

197.4 

69.6 

Ibuprofen carboxylic acid 

2.3 

6.8 

19.6 

13.2 

19.8 

19.9 

19.9 

8.7 

Tri(2-chloroethyl) 

phosphate 

7.9 

23.8 

29.5 

89.7 

136.4 

253.9 

799.6 

97.0 


the relative response ratio. The final sample concentra¬ 
tions were obtained after modification using the recov¬ 
eries of both isotopes and inserted standards. 


were conducted using SPSS (Statistics Package for 
Social Sciences, version 15.0 for windows; SPSS 
Inc. Chicago, IL, US). 


Statistics: Linear Regression and Correlation 
Coefficient Analysis 

All experimental data were used to create a normal 
distribution after log-transformation for further statis¬ 
tical analyzes. The data were verified using linear 
regression analysis between PPCPs and water quality 
parameters. In addition, correlation analysis between 
water quality and target compounds was performed 
by the Pearson correlation. Whole statistical analyses 


Results and Discussion 

Spatial and Temporal Occurrence of Micropollutants 
During the Sampling Period 

The levels of selected PPCPs in the Yeongsan River in 
Korea were investigated. The spatial distribution of 
PPCPs and their metabolites in the Yeongsan River 
are described in Fig. 4 and the concentration ranges 
of PPCPs and their metabolites are summarized in 
Table 3. As shown in Fig. 4, significantly higher 
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Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Figure 4 

Spatial distribution of PPCPs and their metabolites in Yeongsan River. Averaged concentrations of target compounds 
at each sampling point were stacked in vertical bar graph 


concentrations of most target compounds were 
observed at sites within the Gwangju city area (GJ2-1) 
regardless of seasonal variations. On the other hand, at 
sites upstream and in tributaries of the Yeongsan River 
(DY, HRR, JSS, and GMWC), most PPCPs were present 
at relatively low concentrations compared to the con¬ 
centration in the mainstream of the Yeongsan River, 
which includes the Gwangju area. For example, the 
concentration of carbamazepine and iopromide in 
Gwangju (GJ2-1 site) ranged from 74.2 to 180.4 ng/L 
and 388.6 to 665.3 ng/L, while the concentrations in 
samples obtained upstream and in tributaries ranged 
from 2.1 to 46.1 ng/L and 11.5 to 195.4 ng/L, respec¬ 
tively. Based on these results, Gwangju, which is the 
major urban center with dense populations, was 
the major source of anthropogenic micropollutants in 
the Yeongsan River system. 

The occurrence of PPCPs in the river water was 
found to be affected by temporal variation. Among 
the various target compounds, caffeine, iopromide, 
and TCEP exhibited a seasonally dependant behavior 
throughout all sampling sites on the Yeongsan River 
(Fig. 5). High concentrations of PPCPs were observed 


in March, which drastically decreased in July and 
September and then increased again in October. 
These three compounds, which had the highest con¬ 
centration ranges (median at 70-140 ng/L, Table 3), 
might be affected by environmental conditions, such as 
the dilution effect of rainfall [23] in the summer season 
in Korea (Fig. 2). 

Concentrations of Target Compounds in River Water 

Most target compounds were successfully detected 
and their levels were consistent with previous studies 
[2, 9, 10]. Frequently observed compounds (frequency 
>90% in Table 3) included atenolol, carbamaze¬ 
pine, sulfamethoxazole, acetaminophen, caffeine, 
iopromide, and tri(2-chloroethyl) phosphate (TCEP). 
Among them, only three pharmaceuticals, sulfameth¬ 
oxazole, caffeine and acetaminophen, were detected at 
all sampling dates and sites with a frequency of 100% as 
shown in Table 3. The median (interquartile range) 
concentration of these three compounds was 24.9 
(10.6-52.1) ng/L, 74.9 (27.3-209.3) ng/L, and 29.4 
(15.0-64.2) ng/L, respectively. The high level of 
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Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Figure 5 

Temporal distribution of (a) caffeine, (b) iopromide, and (c) TCEP in Yeongsan River 


frequency of these compounds was also reported in 
previous studies [2, 24]. 

Compounds with relatively high concentrations 
based on the median values included caffeine, 
iopromide, and TCEP. The presence of caffeine, 
which had a median concentration of 74.9 ng/L, 
has been examined in other surface waters that con¬ 
tain effluents from wastewater treatment plants, 
such as lakes and rivers, to assess the potential of 
using it as a chemical anthropogenic marker [17] 
even though the degradability of caffeine from waste- 
water treatment plants and surface water systems is 
high (81.0-99.9% removal in wastewater treatment 
plants in Swiss). 

The X-ray contrast media, iopromide, was also 
found at significantly higher concentrations than 
other compounds ranging from 11.9 to 665.3 ng/L 
(median at 109.5 ng/L). Iopromide has frequently 
been detected at concentrations of up to 11 pg/L in 
WWTP effluents and 0.9 pg/L in surface waters due to 
its persistence and heavy loads [2, 10]. Metabolically 
stable iopromide, which is known to have a poor inher¬ 
ent biodegradability, exhibited low sorption ability, due 
to its low logD value of —1.54 at pH 7 (Table 1). 
Nevertheless, effective biotransformation of iopromide 


has been reported using a wastewater treatment system 
and bank filtration [25]. 

The flame retardant, TCEP was shown to have 
the highest median concentration (136.4 ng/L) in 
the broad concentration ranges of 29.5-799.6 ng/L 
in the Yeongsan River. Kim et al. [2] reported that 
TCEP was barely removed during wastewater treat¬ 
ment processes, including membrane bioreactor 
(MBR), nano-filtration (NL), and even reverse osmosis 
(RO) filtration system. TCEP was also detected after 
drinking water treatment processes, which is consistent 
with their recalcitrant behaviors to chlorine oxidation 
or ozonation [13]. Therefore, the low removal effi¬ 
ciency of TCEP might be due to its symmetric struc¬ 
ture, which may increase its overall stability (Table 1). 

Pour different anti-inflammatories, including ibu- 
profen, acetaminophen, diclofenac, and naproxen had 
concentrations ranging from 20 to 40 ng/L (median) in 
the Yeongsan River. The concentration range of ibu- 
profen, acetaminophen, naproxen, and diclofenac was 
5.0-521.4 ng/L, 6.7-148.7 ng/L, 11.7-265.9 ng/L, and 
5.9-125.0 ng/L, respectively (Table 3). These values 
were consistent with the combined findings of 
worldwide studies on surface waters conducted by 
Pono et al. [8], Herberer [26], Winkler et al. [27], and 
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Tixier et al. [28] . One of the most popular painkillers in 
Korea is acetaminophen and this compound has been 
known to be easily degraded and removed by WWTPs 
[26] . According to Kolpin et al. [6] , acetaminophen was 
detected at a median concentration of 110 ng/L with 
a frequency of 23% in US streams. However, in 
Yeongsan River, acetaminophen was observed at all 
sampling sites and dates with a frequency of 100%. 
Diclofenac has been reported to be rapidly and exten¬ 
sively eliminated by photodegradation [29] . Diclofenac 
was rarely detected in the Yeongsan River, presumably 
due to photodegradation by sunlight, except in the 
Gwangju city area, where relatively high concentrations 
(12.4-100.7 ng/L) of diclofenac were observed due to the 
dense population and heavy loads from WWTPs. Ibu- 
profen (median at 25.3 ng/L) and naproxen (median at 
38.3 ng/L) were also frequently observed in the Yeongsan 
River with detection frequencies of 67% and 61%, 
respectively. Ibuprofen has been known to be relatively 
persistent in aquatic system [10]. According to Zwiener 
et al. [30], since ibuprofen, which contains carboxyl 
groups, had a low removal efficiency by adsorption on 
activated carbon due to its negative charge in neutral 
surface water, it is believed to rarely adsorb to 
suspended particles in river water. However, Tixier 
et al. [28] reported that ibuprofen can be readily 
eliminated through biodegradation and sedimenta¬ 
tion, and naproxen can be efficiently eliminated 
through biodegradation and phototransformation in 
surface waters. 

Carbamazepine and sulfamethoxazole were detected 
in Yeongsan River at concentration ranges of 2.1-180.4 
ng/L (median at 26.2 ng/L) and 3.2-101.1 ng/L (median 
at 24.9 ng/L), respectively. Both compounds have fre¬ 
quently been reported as resistant compounds in surface 
water, groundwater, and estuarine water [4, 7, 11, 12]. 

The other compounds that were present at 
relatively low concentrations were dilantin, atenolol, 
florfenicol, and clopidogrel, which had median con¬ 
centrations ranging from 6.3 to 16.4 ng/L (as median). 
The veterinary antibiotic, florfenicol, has been reported 
to be rapidly metabolized into florfenicol amine 
[31], supporting the low concentration of florfenicol 
detected in this study. Similar to the low concentration 
range of clopidogrel detected in this study, Huerta- 
Fontela et al. [32] also found that clopidogrel was rarely 
detected in WWTP influent and effluent samples in 


Spain. The concentrations of dilnatin and atenolol 
were in good agreement with the results reported by 
Kim et al. [2] and Yoon et al. [10]. 

Occurrence of Pharmaceutical Metabolites in the 
River Water 

As shown in Fig. 6, the occurrence of pharmaceutical 
metabolites was investigated along the Yeongsan 
River. A higher concentration of degradation products 
was observed in samples obtained from the GJ2-1 
sampling site in Gwangju city (9.5-22.3 ng/L 
for N- acetylsulfamethoxazole, 119.4-205.0 ng/L for 
O-desmethyl-naproxen, and 47.1-197.4 ng/L for 
2-hydroxyl-ibuprofen), whereas further downstream, 
the concentration of metabolites decreased, presum¬ 
ably due to dilution from natural attenuation. The 
prominent occurrence of pharmaceutical metabolites 
at the GJ2-1 sites is likely due to the effluent-dominated 
water source located in the Gwangju, which indicates 
that a high proportion of metabolites originated from 
human excretion in the WWTP influent and/or trans¬ 
formation of parent compounds into degradation 
products during WWTP processes mainly by activated 
sludge treatments. According to previous studies [33, 
34] , human excretion was believed to be the main source 
of ibuprofen metabolites. They also found that hydroxyl- 
ibuprofen was stable through WWTP processes and 
could be produced during activated sludge treatment, 
meanwhile carboxy-ibuprofen readily disappeared. This 
is in good agreement with the distribution of ibuprofen 
metabolites found in the Yeongsan River. 

In previous studies [14, 35], a demethylated degra¬ 
dation product of naproxen, O-desmethyl-naproxen, 
was found in a lab-scale wastewater treatment unit. In 
this study, the ether cleavage and demethylation of 
naproxen were reported to be an initial step in bacterial 
degradation under aerobic conditions, as occurs in mam¬ 
mals. The naproxen metabolite observed in this study 
was also presumably transformed during both human 
metabolism and wastewater treatment processes. 

In the case of the human metabolites of sulfameth¬ 
oxazole, N- acetyl-sulfamethoxazole was found in sur¬ 
face water receiving WWTP effluent at a concentration 
range less than 50 ng/L [36], while the median concen¬ 
tration of this compound was 13 ng/L in this study. 
Another concern related to acetylsulfamethoxazole is 
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Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Figure 6 

Spatial and seasonal concentrations (n = 2) of selected pharmaceutical metabolites and their parent compounds in the 
Yeongsan River, Korea 


the retransformation back to the parent compound, 
sulfamethoxazole [37], implying reactivation of 
acetylsulfamethoxazole as an antibiotic compound 
during wastewater treatment, and/or after discharge 
into natural water. 

Correlation Analysis Between Selected Water Quality 
Parameters and PPCPS 

Correlation analysis was employed to evaluate the rela¬ 
tionship between selected water quality parameters 


(TN, DOC, UVA 2 54 nm , SUVA) and 17 different target 
PPCP compounds, as shown in Table 4. TN, a represen¬ 
tative wastewater characterization parameter, had 
the highest correlation with PPCPs; however, DOC, 
UVA 25 4 , and SUVA were poorly correlated with 
PPCPs. This is inconsistent with previous studies 
[10, 20] that reported significant correlations between 
pharmaceuticals and organic matter parameters (TSS, 
DOC, COD, and BOD), which presumably resulted 
from the association between pharmaceuticals and 


w 




























































11926 


Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management 


W 


dissolved organic matter. In contrast to their explana¬ 
tion, the behavior of PPCPs in the Yeongsan River was 
not likely associated with dissolved organic matter. 

Seven out of the 17 target compounds were found 
to be strongly correlated (r > 7.0) to TN, implying that 
these compounds could be potentially used as anthro¬ 
pogenic molecular tracers. The correlations were in the 
following order as determined from the regression 
coefficients obtained from the Pearson correlation at 
95% confidence level (two-tailed); 2-hydroxyl - 
ibuprofen (r= 0.87) > atenolol (r= 0.85) > carbamaz- 
epine (r = 0.81) > sulfamethoxazole (r = 0.79) > 
dilantin (r = 0.78) > naproxen (r= 0.76) > iopromide 
(r = 0.74) (significant value <0.000 for all). All seven 
compounds exhibited positive correlations with TN. 

2-hydroxyl-ibuprofen was the highest correlated 
compound with TN, which indicates that hydroxyl- 
ibuprofen was much more stable and persistent in the 
wastewater effluent than its parent compound, ibupro- 
fen, and the other wastewater-derived contaminants. 
According to Zwiener et al. [38], hydroxyl-ibuprofen 
was degraded much more slowly than ibuprofen in 
a biofilm reactor. This explanation is consistent with 
the results obtained and supports the notion that 
hydroxyl-ibuprofen is highly stable. 

Atenolol, which was the second most highly corre¬ 
lated compound with TN, has been reported by 
Kasprzyk-Hordern et al. [16] as an anthropogenic indi¬ 
cator based on its persistent and ubiquitous occur¬ 
rence. However, they also mentioned that atenolol 
could be susceptible to biodegradation through trick¬ 
ling filter and activated sludge treatments, indicating 
that it may be a suboptimal chemical indicator. 

Carbamazepine has often been suggested as 
a conservative anthropogenic marker in aquatic envi¬ 
ronments [4, 7, 12, 16, 18]. The persistent behavior of 
carbamazepine corresponds to its low biodegradability 
(half-lives, t 1/2 > 100 days) [3] and resistance to 
photodegradation. In this study, carbamazepine was 
highly correlated to TN with a regression coefficient 
of 0.81, which was consistent with other studies. 

Another resistant compound in aquatic environ¬ 
ments, sulfamethoxazole [11], had a relatively high 
correlation to TN (r = 0.79). Sulfamethoxazole has 
been described to be resistant to biotransformation 
with a half-life of >100 days [3]. Since sulfamethoxa¬ 
zole is widely used as both a human and veterinary 


antibiotic, it is difficult to determine if the presence of 
sulfamethoxazole at relatively high levels was caused by 
only human fecal contamination. 

The anticonvulsant, dilantin, had a relatively high 
correlation with TN (r = 0.78), indicating that it may be 
a potential molecular marker. In a previous study [10], 
dilantin was shown to have a relatively high correlation 
(r > 0.8) with selected water quality parameters, 
including BOD 5 , DOC, and UVA 25 4 . In contrast, 
a negligible correlation between dilantin and selected 
water quality parameters, including DOC and UVA 254 , 
was observed in the case of the Yeongsan River. 

Anti-inflammatory, naproxen, which was highly cor¬ 
related to TN with a regression coefficient of 0.76, has 
been regarded as a labile marker due to its 
photodegradability [4] . Other analgesics, such as ibupro¬ 
fen and diclofenac, have been recommended as potential 
labile markers due to their susceptibility to biodegrada¬ 
tion and photodegradation. Ibuprofen and diclofenac 
exhibited a lower correlation than the conservative 
markers such as carbamazepine and sulfamethoxazole, 
which had regression coefficients of 0.66 (p-value = 
0.001) and 0.65 (p-value = 0.021), respectively. These 
results are in good agreement with previous studies [4, 
16]. Kasprzyk-Hordern et al. [16] suggested that ibupro¬ 
fen may be a potential indicator for non- or poorly treated 
wastewater, such as stormwater discharges, due to its 
readily biodegradable property in wastewater treatment. 

X-ray contrast media, iopromide, can mainly be 
excreted without metabolization in the human body, 
and is rarely degraded in municipal WWTP [24]. With 
respect to its ubiquitous occurrence and high loads in 
surface water, and resistance to biodegradation, 
iopromide can serve as a potential tracer, which is 
supported by its high correlation coefficient to TN 
(0.74) (Table 4). 

However, no significant correlations between caf¬ 
feine, which has been previously considered a potential 
labile marker, and all the water quality parameters were 
observed in this study. Caffeine has been recommended 
as a labile chemical marker [17] with regard to its rela¬ 
tively high biodegradability (half-lives = 3.5-5.2 days) 
[3]. However, Young et al. [39] reported that caffeine 
was an inferior chemical indicator of sewage-derived 
microbes in surface waters with significantly low R 2 
values between chemical and bacteriological indicators 
that ranged from 0.16 to 0.37, which was consistent 



Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Table 4 Linear regression analysis between selected 
water quality parameters and PPCPs 


Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management 


W 


11927 






ON 


un 

o 

O 

'^1- 

on 

|\ 

ON 

'st 

i\ 

'si- 

vO 

un 

un 



o 


|\ 

rv 

on 

rsi 

un 

1^ 

rsi 

o 

O 

on 

i\ 

o 

O 

o 

rsi 



T— 


t— 

t— 

on 

i\ 

vo 

*— 

un 

o 

O 

ON 

rsi 

on 

vO 

i\ 

o 


a. 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 



Csl 

vo 

rsi 

rv 

vo 



o 

'st 



00 

on 

ON 

00 

vo 

rsi 



00 

On 

ON 

ON 

ON 


fN 

p 


on 

ON 

'st 

rsj 

p 

rsi 

*— 

on 



on 




o 

o 

d 

rsj 

o 

00 





o 

o 

vd 





















u. 




















o 


00 

un 

00 

on 




i\ 

o 

on 


ON 

i\ 

00 

vo 



no 

ON 

rsi 

rsi 

*— 

<— 

T— 

on 

fN 


vo 

rsi 

fN 

*— 

T— 

T— 

un 

> 


d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

3 


1 


1 

1 

1 


1 

1 

1 




1 





cn 

V. 





















o 

o 

o 


o 



ON 

ON 

fN 


o 

00 

ON 


ON 



'sT 

o 

o 

on 

00 

vo 

o 

o 

O 

r — 

fN 

vo 

00 

o 

un 

o 

'st 



on 

o 

o 

o 

*— 

i\ 

o 

o 

on 

ON 

<— 

'sf 

i\ 

o 

o 

rv 




d 

d 

o 

o 

o 

o 

o 

o 

o 

o 

o 

d 

o 

o 

o 

d 

d 


a. 




















fN 



ON 

00 

o 



ON 


o 

vo 

00 

on 

rsi 

i\ 





un 

i\ 

; 

00 

^— 

un 

00 

f—; 

o 

vq 

un 

o 

ON 

un 

«— 

on 




t— : 

00 

un 


d 

i< 


: 

d 

on 

d 

d 

00 

'vf 

d 

rsi 




on 

T- 




T- 












u. 




















on 

ON 

rv 

ON 

-sl- 



vo 

on 

on 

on 

'sf 

un 

rv 

vo 

00 

00 



on 

00 

vo 

on 

rsi 

* — 

rv 

vo 

on 

o 

on 

i — 

o 


un 

i — 

on 

< 


d 

d 

o 

o 

o 

o 

d 

o 

o 

o 

o 

d 

o 

o 

o 

d 

d 

> 



1 




1 




1 


1 


1 




3 

V. 




















on 

o 

rsi 

on 

ON 

o 

un 

on 

i\ 

ON 

un 

00 

on 

00 


vo 




vo 

o 

o 

T- 

o 

vO 

o 

o 

ON 

^r 

t— 

'nT 

un 

T- 

ON 

rsi 

on 



o 

o 

o 

o 


VO 

o 

o 



i\ 

on 

on 

o 

o 

un 

o 



d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 


a. 




















vo 



00 

rsi 





o 



ON 

vo 

ON 

vo 

ON 



i\ 

un 

on 

ON 

rv 

fN 

vo 

un 

ON 

on 


ON 

00 

rsj 

'st 

'3- 




on 

i< 

rsj 

vd 

rsj 

o 

d 



fN 

o 

d 

o 

vd 

on 

d 

un 




'nT 

f— 




t— 

?— 











u. 




















'si - 

o 

ON 


ON 

vo 

rsi 

rsi 

o 

vo 

00 

i\ 

00 



ON 




on 

00 

un 


rsi 

i— 

vo 

vo 

'st 

rsi 

o 

*— 

*— 


un 

on 

un 

u 


d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

O 



1 




1 




1 

1 

1 


1 




Q 





















o 

rsi 

o 

o 

o 

o 

o 



fN 

00 

'sl- 

o 

vO 

o 

on 

o 



o 

00 

o 

o 

o 

i\ 

o 

o 

on 

00 

t— 

rsi 

o 

ON 

vo 

o 

o 



o 

o 

o 

o 

o 

<— 

o 

o 

o 

'vf 

fN 

rsi 

o 

ON 

o 

fN 

o 


■D 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 


a. 





















ON 




00 



un 



'nT 




un 




on 

rsj 

p 

00 

i\ 

rsj 

p 

fN 

'sT 

un 

vq 

un 

on 

o 

un 

T— 

00 



on 

on 

vd 

on 

ON 

rsj 

on 


r< 

o 



on 

o 

'sf 

fN 




i\ 


on 

un 

"st 


rsi 

T 





on 


























un 

'st 

00 

<— 

ON 

rv 

vo 

vO 

un 

on 

i\ 

rsi 


o 

vo 

un 

rv 



00 

on 

rv 

00 

rv 

^r 

rv 

vO 

vo 

<— 

ON 

rsi 

i\ 

o 

un 

un 

00 



o 

d 

d 

o 

o 

o 

d 

o 

o 

o 

o 

o 

o 

o 

o 

d 

d 

Z 

_Q 


1 




1 












1- 

V. 



















o 

i\ 

un 


rsi 

o 



rsi 

rsi 

on 

on 

o 


on 

rv 

vO 

(U 

on 

rsi 

rsi 

on 

on 

t— 

f— 

rsi 

* — 

on 

ON 

on 

on 

on 

f— 


f— 

C 


















to 


















•M 


















c 


















03 




































_3 
















X 


o 
















CL 


Q_ 
















z 


O 















X 



U 
















>s 

_C 

















un 

+-> 


£ 

QJ 

u\ 

03 

Z 

1- 

O 

CL 

ti 

N 

DO 

N 

u 

U_ 

X 

CL 

CL 

LL 

U 

u 

CL 

LL 

< 

I0P 

CL 

LU 

u 

i 

X 

+-> 

CD 

U 

TO 

i 

(D 

£ 

<D 

■o 

X 

O 

ON 

1 

3 

1- 

< 

U 

Q 

u 

un 

LL 

z 

DO 

Cl 

< 


U 

1- 


O 

DO 


T3 

O 

_Q 


O 

O 

V 

CL 


QJ 

_C 

CJi 


-Q OJ .2 £ 


Z oc Ll_ UO 


W 





































11928 



Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management 


with the results. The poorly correlated patterns of caf¬ 
feine could be explained by its high biodegradability 
and ubiquitous discharge, resulting in distinct detec¬ 
tions at high levels even further upstream and in trib¬ 
utaries, regardless of sampling dates and sites [7]. 

Although TCEP had the highest median concentra¬ 
tion and was broadly distributed throughout the 
Yeongsan River, it was poorly correlated with all the 


water quality parameters. This could be caused by its 
sporadic occurrence, irrespective of the wastewater 
effluent sources. 

Correlation Among the Target PPCP Compounds 

Correlation among the target PPCP compounds were 
evaluated as summarized in Table 5. The group of 


Wastewater Treatment Plant: Anthropogenic Micropollutant Indicators for Sustainable River Management. Table 5 

Correlation matrix among investigated target PPCP compounds 



ATN 

CPG 

DLT 

CBZ 

SMZ 

FFC 

NPX 

IBP 


ATN 

1.00 

-0.14 

0.59 a 

0.84 a 

0.82 a 

-0.32 

0.81 a 

0.69 a 


CPG 


1.00 

—0.68 a 

-0.28 

-0.10 

0.17 

-0.71 a 

—0.83 a 


DLT 



1.00 

0.71 a 

0.65 a 

-0.52 

0.54 a 

0.56 a 


CBZ 




1.00 

0.92 a 

-0.18 

0.77 a 

0.61 a 


SMZ 





1.00 

-0.18 

0.69 a 

0.52 a 


FFC 






1.00 

-1.00 

-1.00 


NPX 







1.00 

0.80 a 










1.00 



DCF 

ACT 

GMP 

CAF 

IOP 

TCEP 

N-acetyl-SMZ 

O-desmethyl-NPX 

IBU-20H 

ATN 

0.57 a 

0.24 

0.12 

0.49 a 

0.81 a 

0.48 a 

0.43 

0.56 

0.77 a 

CPG 

-0.01 

0.17 

-0.29 

0.06 

0.01 

0.36 

-0.36 

0.05 

-0.10 

DLT 

0.67 a 

-0.06 

0.55 a 

-0.06 

0.61 a 

-0.02 

0.80 a 

0.71 

0.81 a 

CBZ 

0.45 

0.12 

0.33 

0.48 a 

0.89 a 

0.19 

0.38 

0.58 

0.84 a 

SMZ 

0.40 

0.19 

0.37 

0.48 a 

0.88 a 

0.26 

0.30 

0.38 

0.79 a 

FFC 

-0.02 

0.20 

0.08 

0.01 

-0.14 

0.26 

-0.40 

-0.36 

-0.71 

NPX 

0.43 

0.36 

0.43 

0.81 a 

0.62 a 

0.51 a 

0.35 

0.91 

0.53 

IBP 

-0.08 

0.06 

0.45 

0.59 a 

0.53 a 

0.31 

0.80 a 

-0.25 

0.48 

DCF 

1.00 

0.42 

-0.13 

0.00 

0.41 

0.01 

0.25 

0.99 a 

0.26 

ACT 


1.00 

0.38 

0.43 a 

0.20 

0.27 

0.09 

0.22 

-0.26 

GMP 



1.00 

0.31 

0.21 

0.03 

0.53 

-0.26 

0.06 

CAF 




1.00 

0.39 a 

0.61 a 

-0.25 

-0.12 

—0.53 a 

IOP 





1.00 

0.30 

0.46 

0.24 

0.75 a 

TCEP 






1.00 

-0.46 

-0.19 

-0.37 

N-acetyl-SMZ 







1.00 

0.19 

0.45 

O-desmethyl-NPX 








1.00 

0.18 

IBU-20H 









1.00 


Correlation higher than 0.70 are significant at p < 0.05 (shown in bold) 
Correlation is significant at the 0.05 level (two-tailed) 
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compounds with relatively high correlations to TN, 
including atenolol, carbamazepine, sulfamethoxazole, 
iopromide, and 2-hydroxyl-ibuprofen, was found to 
have significant correlations to each other with regres¬ 
sion coefficients higher than 0.70 and p-values <0.05. 
This result indicates that these compounds may have 
similar behaviors in river water due to their conserva¬ 
tive properties. Glassmeyer et al. [7] reported that 
carbamazepine and sulfamethoxazole were highly cor¬ 
related due to their recalcitrant behaviors. 

Naproxen exhibited high correlations with labile 
tracers, such as caffeine and ibuprofen. The high correla¬ 
tions among these compounds implied that they 
displayed an analogous mobility pattern in river water 
and hold promise for use as labile anthropogenic markers. 

Some compounds, such as florfenicol, acetamino¬ 
phen, glimepiride, and TCEP, were not correlated to 
other PPCPs, presumably due to their high biodegrad¬ 
ability (for florfenicol and acetaminophen) and/or 
sporadic distribution (for TCEP and glimepiride). No 
distinct correlations between the parent compound 
and its metabolites were observed. Among the metab¬ 
olites, 2-hydroxyl-ibuprofen showed higher correlation 
to other PPCPs than N-acetylsulfamethoxazole and 
O-desmethyl-naproxen, which was most likely due to 
the relatively high stability of 2-hydroxyl-ibuprofen 
compared to the other two metabolites. 


Relationship Between Regression Coefficient (R) and 
Chemical Properties of Compounds 

The pharmaceutical behavior was evaluated with 
respect to chemical properties (Fig. 7), such as acidity 
constant (pK a ) and octanol-water partitioning coeffi¬ 
cient (logK ow and logD, i.e., logK ow at pH7), by com¬ 
paring the regression coefficient (r) obtained from the 
linear regression analysis between TN and target com¬ 
pounds (Table 4). As a result, logK ow had no noticeable 
correlation to the regression coefficient (r), whereas 
logD had a slightly negative correlation to the regres¬ 
sion coefficient (r). In general, logK ow has been used to 
evaluate the pharmaceutical removal mechanism espe¬ 
cially by sorption on activated carbon [40]. Lee et al. 
[21] used the logD parameter to elucidate the removal 
mechanism in a constructed wetland connected to 
wastewater treatment effluent, and found that logD 
was more suitable to predict the behavior of 
micropollutants than logK ow , which was consistent 
with the results obtained. The r 2 value obtained from 
the r-logD plot was too low to verify a linear relation¬ 
ship between r and logD. However, by considering 
the complex removal mechanism including not only 
sorption but also biodegradation, oxidation, and 
photodegradation in river water, this low r 2 value indi¬ 
cates that sorption was not the main mechanism of 
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Relationship between regression coefficient (r) and octanol-water partitioning coefficient (logK ow and logD) 
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removal in the Yeongsan River. Despite this, the adverse 
proportional relationship between r and logD provides 
some information on the behavior of micropollutants 
in river water. Hydrophilic compounds with relatively 
low logD values had higher correlations to TN than 
hydrophobic compounds, indicating relatively low 
removal efficiencies for hydrophilic compounds. In 
addition, these results suggest that removal of hydro- 
phobic compounds in river water occurs through sorp¬ 
tion on organic matter. On the other hand, based on 
the pK a values of target micropollutants, with respect 
to the functional groups of micropollutants at neutral 
pH, negatively charged micropollutants exhibited rela¬ 
tively high correlation to TN compared to the neutral 
charged compounds (Fig. 7). In summary, relatively 
hydrophilic and/or charged compounds, such as 
2-hydroxyl-ibuprofen, sulfamethoxazole, naproxen, 
atenolol, and iopromide, play important roles as labile 
anthropogenic molecular markers in river water, with 
relatively low sorption tendencies and a relatively high 
biodegradation potential. 

Conclusion 

Eighteen different micropollutants including pharma¬ 
ceuticals and their metabolites were investigated to 
evaluate their potential as anthropogenic molecular 
markers in Yeongsan River in Korea. Based on the 
spatial and temporal evaluation, most of the target 
compounds were frequently detected, exhibiting con¬ 
centrations between 2 and 1,500 ng/L. In addition, 
these compounds were mainly discharged from the 
Gwangju metropolitan city, which was found to be 
the main source of the anthropogenic wastewater con¬ 
taminants in the Yeongsan River ecosystem. The rela¬ 
tionships between water quality parameters (TN, DOC, 
UVA, and SUVA) and micropollutants were examined 
by means of linear regression analysis. TN exhibited 
a strong correlation with seven compounds in the fol¬ 
lowing order: 2-hydroxyl-ibuprofen, atenolol, carba- 
mazepine, sulfamethoxazole, dilantin, naproxen, and 
iopromide. Through correlation analysis, the behavior 
of selected micropollutants was evaluated in terms of 
their use as conservative anthropogenic indicators 
(carbamazepine, sulfamethoxazole, iopromide, ateno¬ 
lol, and 2-hydroxyl-ibuprofen) and as labile wastewater 
indicators (naproxen, ibuprofen, caffeine, and diclofenac). 


The logD and pK a of each compound was then used to 
elucidate the chemicophysical behavior of target 
micropollutants as anthropogenic indicators in surface 
water. This analysis demonstrated that the logD and 
pK a values could be used to assess the suitability of 
potential labile molecular indicators in river water. 
Even though there are still some limitations in under¬ 
standing the detailed behavior of candidate indicators, 
the chemicals suggested as potential wastewater indi¬ 
cators in this study are expected to be helpful in ana¬ 
lyzing sewage contamination in river ecosystems. 

Future Directions 

As growing concerns of the global climate change, the 
need for the development of technology for water treat¬ 
ment is also increasing to prepare for the water scarcity. 
Among various technologies, water reclamation and 
reuse is recommended for the alternative water treat¬ 
ments with high sustainability. In the sustainable water 
treatment, however, the existence of micropollutants is 
another concern. Even though there is no specific regu¬ 
lation related to the micropollutants yet, the removal of 
micropollutants in aquatic environment is considered to 
be important for reliable water sources in the manner of 
sustainability. Enhancement of water quality manage¬ 
ments system in terms of micropollutant control is 
a key step in the sustainable water treatment. 

In addition, understanding the degradation pathway 
of micropollutants is also an important approach to 
effectively control the micropollutants in water bodies. 
Micropollutants are differently degraded into metabolites 
depending on their different physicochemical properties. 
Thus, removal efficiencies of micropollutants are differ¬ 
ently affected by various removal mechanisms in terms of 
biodegrdation, photodegradation, and oxidation/reduc- 
tion. Research of micropollutants degradation pathway 
in aquatic environment would be helpful to understand 
behaviors of micropollutants and their metabolite and 
provide further research directions related to the removal 
of micropollutants. 

Natural organic matter (NOM) is believed as a prom¬ 
ising factor for evaluating behavior of micropollutants in 
surface waters. In previous study [41], NOM has been 
known to play an important role in photodegradation 
processes in surface waters. As radical scavenger and as 
precursor of reactive species such as singlet oxygen, 
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hydroxyl radicals, and others, NOM can promote 
the photochemical transformation of micropollutants. 
However, most of the role of NOM in the degradation 
of micropollutants is still unknown. Understanding 
the complex interactions between NOM and micro¬ 
pollutants is believed to provide interdisciplinary per¬ 
spectives for sustainable water quality management. 
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Glossary 

Anaerobic Conditions in a biological treatments sys¬ 
tem characterized by the absence of oxygen in any 
of its forms. 

Anoxic No oxygen present - nitrate instead of oxygen 
is used by the organisms. 
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Aquifer A natural underground layer that contains 
water. 

BOD Biochemical oxygen demand, a measure of the 
organic carbon content in the wastewater. 

Brackish water Water that is neither fresh nor salt. 
Denitrification The conversion of nitrate-nitrogen to 
gaseous nitrogen through anoxic cell growth. 
Desalination The changing of salt or brackish water 
into fresh water. 

Eutrophication A significant increase in the concen¬ 
tration of chemical nutrients in an ecosystem. 
Evaporation The process of liquid water becoming 
water vapour. 

Fresh water Water that contains only small amounts 
of dissolved solids. 

Groundwater Water that is pumped from aquifers. 
Nitrification The conversion of ammonia-nitrogen to 
nitrite and nitrate-nitrogen through cell growth. 
Renewable resources Total resources offered by the 
average annual natural inflow and runoff that feed a 
catchment area or aquifer natural resources that, after 
exploitation, can return to their previous stock levels 
by the natural processes of growth or replenishment. 
Salt water Water that contains significant amounts of 
dissolved solids. 

Surface water Water pumped from sources open to 
the atmosphere, such as rivers, lakes, and reservoirs. 

Definition of the Subject 

Water and energy are inextricably linked. Water is needed 
to generate energy and energy is needed to extract, treat, 
and distribute water and to clean the used and 
polluted water. This is the water-energy nexus and as 
a consequence, both challenges must be addressed 
together. Energy, water, and environmental sustainabil¬ 
ity are closely interrelated and are vital not only to the 
economy but to the health and welfare of all humans. 

As a consequence of the close interrelationship 
between water and energy, the design and operation 
of water and wastewater systems should take the energy 
aspect into consideration. Similarly, energy production 
cannot be planned without taking water resources and 
water quality into consideration. Water availability is 
often undervalued and taken for granted. Population 
growth, climate change, urbanization, and rising health 
and environmental standards increasingly call for an 


integrated approach. The design of our cities, suburbs, 
homes, and appliances has enormous implication for 
water and energy consumption. As a result, we cannot 
continue to utilize the critical resources water and 
energy in an inefficient and wasteful manner. 

In this chapter, after an introductory section, we 
will focus on the following main issues: 

• Section 2: How the interrelationships between 
water and energy look like 

• Section 3: Efficient design and operation of water 
and wastewater facilities 

• Section 4: Attention to the water-related energy use 
at the end user 

• Section 5: Energy recovery from wastewater, such as 
biogas production 

• Section 6: The use of monitoring and control to 
make operations more efficient 

• Section 7 : Water requirements for energy production 

In the last two sections, Conclusion and Future 
Issues, we summarize some of the findings and look 
for some future directions to deal with the water and 
energy nexus. 

Introduction 

Water has always been mankind’s most precious resource 
- there are no substitutes. The struggle to control water 
resources has shaped human political and economic his¬ 
tory. Population growth and economic development are 
driving a steadily increasing demand for new clean water 
supplies and it is well documented that lack of access to 
clean water has major health implications. Many see the 
water security as the key environmental issue of the 
twenty-first century. 

Water and energy are the critical elements of sus¬ 
tainable economic development - without access to 
both of them, economies cannot grow, jobs cannot be 
created, and poor people cannot move out of poverty. 
On a global basis, neither water nor energy are in short 
supply. What is in short supply is energy and water at a 
price that people can afford to buy. We have to find 
better ways to use the water wisely, in our homes, in 
agriculture, and in industry. Using the water wisely 
includes producing the potable water and cleaning 
the wastewater using less energy. Pumping water, pres¬ 
surizing water distribution systems, and pumping 
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wastewater are major energy consumers. Aeration of 
activated sludge systems is another major energy 
consumer. 

Control and automation in water and wastewater 
operations can contribute to improve the sustainability 
by smart monitoring systems, disturbance attenuation, 
using energy wisely, and to maximize energy production. 

Water and Energy Interdependencies 

The interdependence between water and energy 
has been recognized during the last few years. Allan 
Hoffman wrote, in 2004 [ 1 ], on the topic: “The energy 
security of the United States is closely linked to the state 
of its water resources. No longer can water resources be 
taken for granted if the U.S. is to achieve energy secu¬ 
rity in the years and decades ahead. At the same time, 
U.S. water security cannot be guaranteed without care¬ 
ful attention to related energy issues. The two issues are 
inextricably linked.” In the USA, the energy-water 
nexus initiative was initiated in 2004 as an informal 
DOE National Laboratory initiative to develop a better 
understanding of the link between the nation s energy 
and water supplies. The laboratories conducted prelim¬ 
inary assessments that indicated that the interdependence 
between energy and water supplies was much broader 
and much deeper than initially thought [ 1 ]. 

The increasing scarcity of water has been given 
much attention on the World Water Forums (1997 
and every 3 years), UN Millenium Summit (2000), 
and now we are in the middle of the UN Decade of 
Water (2005-2015). Special workshops and confer¬ 
ences have been arranged, such as [2-4] and an inter¬ 
esting overview is found in [5]. 

Increasingly, there is a risk that water and energy 
interests are in conflict. Some examples can illustrate this: 

• Between 1 % and 18% of the electrical energy in urban 
areas is used to treat and transport water and waste- 
water. Furthermore, the energy related to water use - 
mostly heating the water in households and indus¬ 
tries - requires about ten times more energy com¬ 
pared to the energy needed to deliver the clean and 
cold water and to treat the wastewater. 

• To treat impaired water to drinking standards 
requires more energy. Most water treatment plants 
today are gravity draining through sand with some 
chlorine added. But as contaminants grow, old 


technology does not work. Either membrane or 
thermal water treatment is more energy intensive 
than traditional methods. 

• Thermal power plants require huge amounts of 
cooling water. For example, around 39% of all 
freshwater withdrawals in the USA are used for 
thermoelectric energy production. This is roughly 
the same amount of water as for irrigation [6] . Most 
of the cooling water is returned but around 3% is 
actually consumed, mostly by evaporation. Water 
availability has become a contentious siting issue 
for thermoelectric power plants and must compete 
with demands from municipalities, agriculture, and 
other industries. 

• Climate change and increasing drought in many 
regions will decrease the flow in many rivers. Con¬ 
sequently, the cooling water may become insuffi¬ 
cient for the need of the thermal power plants along 
the river. 

• Energy exploration and production requires a lot of 
water and consequently will generate a lot of waste- 
water. Pure water is injected down a hole for oil or 
gas production, fracturing the shale formation to 
release oil or gas. Then, the water is brought back up 
with the oil or gas. The water is then severely con¬ 
taminated. Today that water is injected thousands 
of meters down where it evaporates and is out of the 
water cycle. 

• It is apparent that hydropower generation depends 
on water. A hydropower dam can be a serious envi¬ 
ronmental problem. The dam itself often serves as 
a gigantic sedimentation basin, and the solid mate¬ 
rial that earlier served as fertilizers downstream now 
are trapped in the dam. Obviously, the water flow 
downstream is affected. This has implications for 
the agriculture, water fauna, for recreations, and 
many other human activities. Increasing water 
shortage in combination with increased water use 
in many regions is now causing lack of water in the 
dams. With lower water levels, the generation of 
electricity is decreasing. 

It is critical to understand the key roles and respon¬ 
sibilities associated with the management, operation, 
and use of the water and energy resources. This 
includes government agencies, private industry, as 
well as individual users. The interdependencies 
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between water and energy should force us to conduct 
planning and operation in such a way that both the 
water and energy flows are tracked. Such a systems 
analysis should recognize the inputs and outputs for 
each aspect of the system as well as the storage reser¬ 
voirs for the entire system. 

The Supply of Water 

Considering the importance of the topic, it is interest¬ 
ing to examine how much resources have been spent on 
water resources research. The situation in the U.S. is 
interesting. Since 1973, the population of the United 
States has increased by 26%, the GDP and federal 
budget outlays have more than doubled, and federal 
funding for all research and development has almost 
doubled, while funding for water resources research has 
remained stagnant [7]. Still, the pressure on water 
resources increases with population and economic 
growth. There is an increase in the number of conflicts 
over water, so there are strong incentives to focus 
much more on the water and energy issues, both in 
many parts of the industrialized world and in the 
developing world. 

The economy of water and energy behaves in 
a particular way [8]. When the supply is scarce, there 
is a high price inelasticity of demand. A small reduction 
of supply leads to a huge increase in price. As a result, 
the total value (price quantity) rapidly increases as total 
quantity declines [9]. This is true for any resource that 
is essential and non-substitutable. As there is less water 
or energy available, their price quickly increases. This 
can create havoc in markets and stress the whole eco¬ 
nomic system. Diminished water supplies may lead to 
direct conflict and violence. 

When energy and water supplies are abundant, 
their value is low. It may seem that we have an infinite 
supply and there is no need to worry. However, as we 
approach depletion, even small perturbations due to 
unforeseen climatic events, sharp increases in demand, 
or technical malfunction result in disproportionate 
changes in their values and prices, if the market is 
allowed to work. 

When energy supply of nonrenewable fossil fuels is 
depleted, we are looking for renewable sources. Simi¬ 
larly, we are over-utilizing fresh water resources in 
many places. This is compensated by increasing the 


Water and Energy Nexus. Table 1 Energy requirements 
to pump 1 m 3 to the water treatment in some different 
places (Data from [10, 11]) 


Location 

kWh 

Sweden (average) 

0,22 

Sweden lowest 

0.04 

Sweden highest 

0.64 

N. California, USA 

0,04 

S. California, USA 

2,3 

Melbourne, Australia 

0,09 

Adelaide, Australia 

1,9 


energy use to import water from other basins (such as 
S. California, Table 1), desalinate salt water, or reuse 
wastewater. Furthermore, nonrenewable water is 
depleted by over-pumping from fossil aquifers. These 
practices are not sustainable and will leave our children 
with fewer options. We need to think much more in 
terms of increased efficiency and conservation. 

Energy Use in Water and Wastewater Operations 

Energy is needed to extract water from underground 
aquifers, transport water through canals and pipes, 
manage and treat wastewater for reuse, and desalinate 
brackish and sea water to provide new fresh water 
sources. To get the energy data is not always easy. 
Statistics for water abstraction, treatment, and distri¬ 
butions are maintained by OECD and Eurostat 
and also by UN for different sectors. However, the 
corresponding energy consumption is usually not 
recorded in the water statistics, so it is not easy to 
recognize the interconnection. 

Using the water wisely includes producing the pota¬ 
ble water and cleaning the wastewater using less energy. 
Pumping water, treating the water to drinking quality, 
pressurizing water distribution systems, pumping and 
treating wastewater is a major energy consumer. In the 
USA and in the UK, this amounts to about 3% of 
the nations electrical energy use. In Sweden, the 
corresponding number is 1%, while in Israel it is 
around 10%. This also means that water extraction and 
cleaning will have an impact on the greenhouse gas 
(GHG) emission. On a global basis, the water/wastewater 
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sector contributes with 1.5% of the C0 2 and about 
5-7% of the GHG emissions. With increasing popula¬ 
tion and demand growth, the GHG emissions will most 
likely exceed 7% [9]. 

Some national water utility associations maintain 
statistics on energy consumption by the water sector. 
The power consumption follows typically a daily, 
weekly, and sometimes, seasonal use pattern. There is 
a potential for compensating some of the daily-use 
pattern by pumping to water storage reservoirs during 
low load hours for the power plants and vice versa for 
the high load hours. 

Drinking water production is increasingly crucial, 
in particular in dry countries. The use of desalination is 
growing at a significant rate in many industrialized 
countries, and this development further emphasizes 
the close coupling between water and energy. At the 
same time, billions of people in developing countries 
have not yet turned on the first electrical light. This 
means that the structure of electrical energy generation 
and distribution has to be carefully considered. There is 
a wide variation of the electrical energy needed to 
produce drinking water. The large differences reflect 
both the different efforts needed to obtain the clean 
water and the water consumption. Table 1 shows some 
examples to illustrate the energy requirements to pro¬ 
duce clean water. 

S. California and Adelaide are dry places, and the 
water has to be pumped long distances. This is reflected 
in the very high energy costs for these places. The 
energy can be compared with the energy requirement 
to desalinate seawater, which is typically 4 kWh/m 3 . If 
there were unlimited energy, we would never have 
a problem with obtaining water for use. For example, 
there are vast resources of saline water that could be 
desalinized to provide for all the imaginable demands 
for water if there is energy to run those operations and 
then pump water to wherever it is needed. That is 
certainly not the case. 

Wastewater collection, treatment and discharge, 
sludge treatment, and disposal require electrical 
power for pumping and aeration in biological treat¬ 
ment processes. Again, statistics for wastewater gener¬ 
ation, collection, and treatment as well as sludge 
generation and disposal are maintained by OECD and 
Eurostat and also by UN for different sectors. As for 
water supply, the corresponding energy consumption is 


seldom recorded in the water statistics. Some national 
water utility associations maintain statistics on energy 
consumption by the water sector. 

Primary treatment of wastewater is sometimes 
called mechanical treatment. Pollutants are removed 
by sedimentation or filters and the solids are removed 
by scrapers. Biological nutrient removal (BNR) is 
a term used to describe plants that employ biological 
processes to remove organic matter (C) as well as 
nitrogen (N) and phosphorous (P). The activated 
sludge process was developed in the early 1900s with 
the purpose to remove components that consume 
oxygen. When the effect of eutrophication became 
known, the next important step involved the develop¬ 
ment of processes that could remove nitrogen and 
phosphorous. 

The most important process for removing organic 
matter is biological oxidation, which involves microor¬ 
ganisms feeding on the carbon and the oxygen in the 
water. Some of the carbon is used for the growth of the 
microorganisms and the remainder is converted into 
carbon dioxide. In the microorganisms, around half of 
the organic matter is used to increase the body mass 
and half is converted into carbon dioxide. 

Nitrogen principally arrives at the plant as ammo¬ 
nium (60-80%). Most nitrogen removal plants will 
transform the ammonium into free nitrogen that will 
escape via the water surface. The removal of nitrogen is 
a slower process than the removal of organic carbon 
and takes place in two principal stages, nitrification and 
denitrification. In the first process, ammonium is 
transformed into nitrate (an oxidation process) and 
in the second process, the nitrate is reduced to 
nitrogen gas. 

The concentration of dissolved oxygen governs car¬ 
bon removal, nitrification, as well as denitrification. In 
the carbon removal and nitrification, the process rate 
will increase with the oxygen concentration. However, 
there is a limit to the process rate, and higher dissolved 
oxygen concentrations will not help the biology but 
only waste energy for the compressors that aerate the 
biological reactor. On the other hand, with too little 
oxygen, the microorganisms (like humans!) will suffo¬ 
cate and the process rate will be significantly reduced. 
In the extreme case, the organisms will die. The oppo¬ 
site applies to the denitrification: the higher the level of 
dissolved oxygen the lower the rate. 
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To aerate the biological reactors is an energy¬ 
consuming process. This means that the aerator has 
to be controlled so that it balances between the biolog¬ 
ical need for oxygen and the energy cost to supply the 
air. Table 2 gives some Australian figures to illustrate 
the variability. 

As a comparison, the UK water industry uses 0.63 
kWh to treat 1 m 3 of sewage and 0.59 kWh to treat 1 m 3 
of water [12]. 

The two major energy consumers in wastewater 
treatment are pumping of the influent wastewater, 
and aeration. The difference between the primary treat¬ 
ment and the biological and advanced treatment is 
mainly due to the aeration energy. Typically, aeration 
in the biological treatment systems represent around 
50% of the wastewater operating costs, while pumping 
represents around 60% of water treatment operating 
costs. 

To relate the energy use to the volume of water only 
tells part of the truth. In order to get adequate key 
performance indicators, it is important to relate the 
energy consumption both to the amount of organic 
components, nitrogen and phosphorus removed. 

There is a significant difference between the energy 
requirements for different wastewater treatment plants. 
The differences are due to plant size, the type of load 
(e.g., industrial or mainly domestic), and the type 
of operation. For example, in Sweden, the energy 
requirement for wastewater operations varies from 
1.5 to 40 kWh/kg BOD (organic carbon removal), 
with a median value of 4.5 kWh [11]. 

In some countries, there is already a demand to 
decrease the energy requirement for water and waste- 
water operations. In California, a 20% increase in 


Water and Energy Nexus. Table 2 Energy requirement 
for wastewater treatment in Australia (Data from [10] and 
from Sydney Water and Brisbane Water) 


Type of operation 

kWh/m 3 
(min, max) 

kWh/m 3 

average 

Primary 

0.1-0.37 

0.22 

Biological C removal 
(incl. primary) 

0.26-0.82 

0.46 

Advanced C, N, and 

P removal 

0.39-11 

0.90 


energy efficiency will be required according to the 
California Water Plan Update 2009. In China, the cen¬ 
tral government will require at least a 20% decrease in 
energy use [13] and in Sweden, a new energy savings 
program is being implemented where the goal is to save 
at least 20-30% in electrical energy requirement for 
wastewater treatment operations [11]. In Germany, 
the Ruhrverband has managed an ambitious energy 
savings program [14]. 

According to [2], it is quite feasible to obtain an 
energy consumption reduction by 20% by optimiza¬ 
tion and innovation. The existing systems in the water 
and wastewater industry have not reached the limits of 
improvement of its energy efficiency yet [15], [16]. It 
was also stated at the workshop [2] that a further 
reduction of the energy consumption with another 
80% should be possible, but this requires a paradigm 
shift. The current water infrastructures have been 
designed and constructed on the basis of views, 
requirements, conditions, and technologies of decades 
ago. It is recognized that in the present systems, waste- 
water treatment, water treatment, and distribution are 
very energy intensive. New concepts could include 
topics like alternative sanitation approaches (vacuum 
system, separation at the source), from waste toward 
resource (P and N recovery; wastewater as nutrient for 
algal-based biofuel), microbial fuels cells, tailored 
water quality, and use of alternative resources, 
etc. The water and wastewater sector could benefit for 
technology developments and breakthrough in related 
areas like energy production, sensor development, 
nanotechnology, etc. Many research efforts have 
already been done in this direction [17]. 

Some of the important areas where energy effi¬ 
ciency needs to be addressed are: 

• Water and wastewater pumping efficiency, includ¬ 
ing primary pumping, recirculations, and sludge 
pumping 

• Motor controls, including soft start 

• Aeration in biological treatment systems 

• Mixing 

• Water losses 

• Demand side management - consumer behavior 

• Operation of anaerobic digesters 

Every energy efficiency improvement has to be 
tested from two angles: (1) How is the process affected, 
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and (2) what is the cost of the efficiency improvement. 
Every wastewater treatment operator is responsible for 
the effluent water quality. Therefore, the regulatory 
requirements are always the primary goal and the 
energy efficiency becomes secondary. At the same 
time, it has been shown that sometimes a better effi¬ 
ciency will also create a better process performance. 

There are two principal possibilities for better pro¬ 
cess efficiency, retrofitting the equipment and using 
control and automation. In the latter case, one also 
has to consider the investment in instrumentation, 
actuators (such as controllable pumps and compres¬ 
sors), and computer control systems. 

Here, we will give a couple of examples of efficiency 
improvements by retrofitting or control. By designing 
pumps for adequate flows, operating at dynamically 
changing pressures and using variable speed pumping, 
there is a great potential for energy savings [18]. It is 
well-known that variable speed operation will save a lot 
of energy. Figure 1 illustrates the fact that the power 
requirement for pumping is proportional to n 3 , where 
n is the speed of the pump. At the same time, the flow 
rate is proportional to n. In other words, as the speed of 
the pump is halved, the flow rate will be halved while 
the power requirement decreases to 1/8. This is the very 



Pump speed n 

Water and Energy Nexus. Figure 1 

The relationship between the flow rate Q and the pump 
speed (n) (the upper curve) and the power P and the speed 
[the lower curve) according to the affinity laws 


basic motivation to use variable speed drives in order to 
save energy. 

It is not sufficient, however, to introduce variable 
speed pumping to save energy. The pump has to be 
designed so that its efficiency is at a maximum at the 
most common flow rate. This is a fact that is often 
overlooked in pumping of both water and wastewater 
systems. 

Aeration of activated sludge systems is another 
major energy consumer. By automatic control of 
dissolved oxygen adjusted for variable wastewater load¬ 
ing, more energy savings are possible, and as a bonus, 
the biological activity is favored. There is a wealth of 
literature of dissolved oxygen control and a state-of-the 
art is given in [19], while [20-22] gives further experi¬ 
ences and evidence. In another chapter of this book 
[23], more details will be explained. 

Often, the mixing of wastewater consumes too 
much energy. According to German experiences, 
2-3 W/m 3 is sufficient [14]. 

Energy savings can be obtained both by selecting 
the adequate equipment and by feedback control. Effi¬ 
cient pumping requires not only the proper pumps but 
also a control system that can adapt the pumping to the 
process needs. Likewise, energy efficient aeration 
requires not only sensors for dissolved oxygen and air 
flow rate but also controllable compressors and ade¬ 
quate air valves. 

Water saving is directly related to energy saving, 
also in water industry operations. Leakage reduction, 
metering, recycling, and demand reduction all contrib¬ 
ute to less waste of water. 

Energy on the Demand Side 

A lot of efforts are today spent on the supply side 
instead of on the conservation and efficiency side. For 
example, in Nevada, USA, the Southern Nevada Water 
Authority states [8]: “One of the main objectives of the 
Authority is to obtain additional water from Colorado 
River to support urban growth of its member agencies.” 
In general, hardly any water utility or water company 
has direct responsibility to reduce demand. At the same 
time, problems with energy and water supply are 
looming. 

A lot of energy is used for bottled water. Only in the 
USA, the bottled water industry is a $15 billion 
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industry and this industry consumes a lot of energy to 
manufacture, package, and transport bottled water 
over huge distances [8]. The average American in 
1976 drank 6 1 of bottled water a year, according to 
Beverage Marketing Corp. In 2009, the consumption 
was 108 1, more than 2 1/week. According to [24], “we 
are moving one billion bottles of water around 
a week in ships, trains, and trucks in the United States 
alone. That’s a weekly convoy equivalent to 37,800 
18-wheelers delivering water.” Actually, 24% of the 
bottled water the Americans buy is tap water 
repackaged by Coke and Pepsi. Every year, 50 billion 
water bottles are used in the USA - 167 for each 
person - and 38 billion of them are pitched into land¬ 
fills in the USA. This is more than $1 billion worth of 
plastic that represents a lot of wasted energy. Actually, 
only 23% of the recyclable polyethylene terephthalate 
(PET) plastic bottles are actually recycled. 

There is an interesting and strange attitude toward 
water. In a country like Sweden, the tap water quality is 
excellent, and from a quality point of view, bottled 
water will never be needed to replace the tap water. 
Still the Swedes consume around 30 1 of bottled water 
per person and year. They pay 3-4 times the price for 
gasoline for the water, which is around 3,000 times the 
price for the tap water. In a recent examination 
(2009) of bottled water, only 2 out of 15 brands of 
bottled would be accepted as tap water according to 
the drinking quality standards. 

Water usage has an energy cost. Both energy use and 
water use have to be sustainable. The use of suitable 


energy sources is discussed elsewhere and is outside the 
scope of this chapter. However, also the consumption 
of water has to be sustainable. Recent droughts have 
put the focus on the water consumption in some coun¬ 
tries. It is apparent that the water consumption is quite 
different in different countries. Looking at individual 
cities (100 cities compared), the specific water con¬ 
sumption varies globally from 0.34 to 650 1/capita/day 
[25], while the total charge for drinking water varies 
from $0,015/m 3 to $3.13/m 3 . Some national compari¬ 
sons are given in Table 3. 

The Water Poverty Index has been developed in 
[27]. Canada, Norway, and Iceland are the countries 
with the highest index. No country has higher than 78. 
The index gives an assessment of the national water 
management and includes resources (water available), 
access to water supply and sanitation, economic stan¬ 
dard, water use, and water environment. 

It is true that the natural conditions are quite dif¬ 
ferent. Still these figures often reflect the habits and 
sometimes misuse of water. Naturally, the price of 
water has a role to play here (see section “Water and 
Energy Interdependies”). In general, the price paid by 
the consumer has a direct influence on the amount that 
is used. In the USA, the average household spends 
0,006% of the income on water. The corresponding 
numbers for UK are 0,013%, for Pakistan 1.1%, and 
for Tanzania 5.7% [26]. It is most often true that the 
poor people pay more. While the average U.S. house¬ 
hold pays around $0.5/m 3 , and a German pays $1.9, 
poor people often depend on informal vendors. 


Water and Energy Nexus. Table 3 Water consumption in some countries [8, 26] 



Water use (l/capita/day) 


Water poverty index 

Country 

Domestic 

Agriculture 

Industry 

(scale 0-100) 

USA 

600 

1,900 

2,100 

65 

Australia 

500 

2,600 

340 

62 

Canada 

800 

480 

2,800 

78 

China 

85 

910 

345 

51 

Germany 

190 

310 

1,060 

65 

The Netherlands 

80 

460 

820 

69 

India 

140 

1,500 

95 

53 
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A typical water price in Dhaka, Bangladesh is $0.4/m 3 , 
in Phnom Penh, Cambodia $1.6, and in Manila, 
Philippines $4.7/m 3 [26]. 

Curbing demand is cheaper, faster, and ultimately 
more beneficial to individuals than increasing supply. 
Conservation of energy saves both energy and water. 
Optimal water use saves both water and energy. 

It should be realized that more than 90% of the 
water-related energy use is spend in the home. This is 
true for many industrialized countries. This fact is easy 
to realize just from a simple theoretical calculation. 
Usually, only a fraction of a kWh is needed to produce 
1 m 3 of drinking water. To heat this water from 15°C to 
60°C requires 52 kWh, with no losses taken into con¬ 
sideration. Now, imagine how much warm water can be 
saved by using the showers, washing machines, dish¬ 
washers, etc. in a more economic way. Earlier it was 
stated that some 20-30% of the energy consumption 
for water and wastewater operations should be 
required. This saving should be profitable under most 
circumstances. Still, the same greenhouse gas emission 
savings could be achieved by only some 2-3% savings 
of warm water. Most water companies do not wish to 
take the responsibility for the domestic use of the water. 
Still, they usually have a good contact with the cus¬ 
tomers and should be able to easily influence the green¬ 
house gas emissions. 

Energy Recovery from Wastewater 

Energy recovery from sludge treatment is quite com¬ 
mon and the biogas may be used for power generation, 
fuel for transport, or heating. In some cases, installa¬ 
tion of heat pumps in wastewater treatment plant 
effluents has provided energy in terms of heat recovery. 
The power consumption in wastewater treatment and 
transportation follows typically a daily, weekly and 
sometimes, seasonal use pattern. Stormwater handling 
occasionally adds to the energy requirement. There is 
a potential for compensating some of the daily-use 
pattern by conducting certain treatment processes dur¬ 
ing low load hours for the power plants and vice versa 
for the high load hours. 

A wastewater treatment plant is not only an “end- 
of-pipe” solution to clean wastewater. It can also serve 
as an energy producer. The interest in biogas is increas¬ 
ing and there is a large unused potential in maximizing 


the production of biogas, used for both heating and as 
a replacement of gasoline in transportation, [28-31]. 
Recent data show that anaerobic digestion uses only 
some 20% of the energy content of the sewage. By¬ 
products from sewage treatment in combination with 
organic solid waste can provide a valuable source of 
energy if managed and utilized effectively. About one 
third of the chemical energy in the biogas can be 
transformed into mechanical energy The rest of the 
energy becomes heat, but this can, of course, be 
recycled and used for heating. In order to use the biogas 
for engine fuel, the gas has to be further upgraded by 
removing carbon dioxide and hydrogen sulfide. 

The biogas is produced in an anaerobic process 
where microorganisms break down the organic content 
of the sludge in the absence of oxygen. The process 
produces a methane and carbon dioxide-rich biogas. 
Furthermore, the nutrient-rich digestate can be used as 
fertilizer. The first part of the process is a so-called 
bacterial hydrolysis where organic polymers in the 
input material break down to become available as 
food for other organisms. Acidogenic bacteria then 
convert the sugars and amino acids into carbon diox¬ 
ide, hydrogen, ammonia, and organic acids. These 
organic acids are then converted into acetic acid by 
Acetogenic bacteria, and additional ammonia, hydro¬ 
gen, and carbon dioxide are generated. Finally, the 
products are converted to methane and carbon dioxide 
by the Methanogenic bacteria. 

There are several factors that can influence the 
energy balance in the sludge handling in a wastewater 
treatment plant: 

• Primary sedimentation : It may be possible to sepa¬ 
rate more sludge in the primary sedimentation. As 
a result, less organic carbon will be brought into the 
biological treatment step, so less aeration energy 
will be needed. In this choice, the organic carbon 
is chosen to produce biogas. However, organic car¬ 
bon is also needed in the nitrogen removal process 
and insufficient carbon may limit the nitrogen 
removal capability. 

• Sludge thickening: One way to increase the biogas 
production is to improve the thickening of sludge 
before the anaerobic digester. With a more efficient 
removal of water from the sludge, the sludge vol¬ 
ume will decrease. Consequently, the retention time 
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of the digester can be increased. Also, less energy 

will be needed to heat the sludge before the digester. 
• Sludge heating : The heat content of digested sludge 

can be used to heat the incoming sludge. 

In cold countries, the heat content of the effluent 
water can provide significant heating not only to the 
plant facilities but also to city buildings via district 
heating systems [32]. In fact, most wastewater treat¬ 
ment plants can be net producers of energy. 

There are other optimization aspects to consider. 
From an energy perspective, it looks straightforward to 
maximize the biogas production. However, from the 
digester, there will be reject water that has to be recycled 
to the wastewater treatment process. This water nor¬ 
mally contains high concentrations of ammonium 
nitrogen. Therefore, the water that is recycled from 
the digester will significantly increase the load to the 
wastewater treatment plant, and thus to the energy 
requirement to operate the nitrification. This demon¬ 
strates that an energy balance has to be calculated in an 
integrated way and must consider the complete plant. 

Monitoring and Control for Better Efficiency 

Monitoring 

To track the process operational state via the instru¬ 
mentation is called monitoring. For the clean water 
supply, online monitoring will be required throughout 
the system, including at the tap. The availability of low- 
cost instrumentation will encourage better leakage 
detection [33, 34] and water quality monitoring [19]. 
In wastewater treatment systems, the use of instrumen¬ 
tation, control, and automation has proven to signifi¬ 
cantly reduce the costs for operation and detection, and 
early warning systems are key components in 
a sustainable water system. The development of reli¬ 
able, affordable, and robust online instrumentation 
systems has been significant. Computing power no 
longer is a constraint, which means that the combina¬ 
tion of measurements and model prediction can serve 
successfully in many systems. 

Leakage detection in water distribution systems is 
becoming increasingly important as energy prices are 
raised. Leakages can appear as sudden bursts or they 
can appear as losses that will only gradually grow in 
size. Today, there are powerful automatic methods not 


only to detect that a leakage or burst appears, but also 
to locate the position with great accuracy. This can be 
obtained both in single pipe systems and in pipe net¬ 
works. The idea of early warning and problem detec¬ 
tion is fundamental. The losses caused by late detection 
can be significant. Leakages cause not only losses to the 
various damages of the leaking water. The extra energy 
to pump leaking water is significant, and it is not 
unusual to find 30-40% water losses in water distribu¬ 
tion system. This power loss is intolerable, but still 
surprisingly accepted. 

Similarly, early warning systems composed by 
arrays of sensors in drinking water intakes can prevent 
severe quality disturbances into the system. 

Automatic monitoring is also crucial in wastewater 
treatment operation. Of course, it should be related to 
the influent flow rate, concentration, and composition. 
Furthermore, monitoring equipment operation makes 
it possible to early detect malfunctions, so that major 
process faults can be avoided. Several examples of this 
are given in [19, 35-37]. 

Control 

The fundamental principle of control is feedback. The 
process (e.g., an aerator, a chemical dosage system, or 
an anaerobic reactor) is all the time subject to distur¬ 
bances. The current state of the process has to be mea¬ 
sured by some sensor and this is the basis for a decision. 
In order to make a decision, the goal or purpose of has 
to be expressed. The controller calculates a decision 
that appears as an output signal from the controller. 
Via an actuator, which is typically a pump, a valve, or a 
compressor it will manipulate the process. In other 
words: control is about how to operate the plant or process 
toward a defined goal despite disturbances [38]. 

Traditional wastewater treatment plant control is 
still unit process oriented to a great extent. Some exam¬ 
ples of state-of-the-art control that will influence the 
energy efficiency are [19, 39]: 

• Aeration control has the purpose to supply the 
microorganisms with adequate dissolved oxygen 
while saving maximum energy. Dissolved oxygen 
control will save a lot of electrical energy compared 
to no control at all. A time-varying setpoint of the 
dissolved oxygen concentration will further reduce 
the energy consumption. 
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• In a sequential batch reactor, the length of the 
different phases should be controlled. During the 
ammonia nitrogen oxidation time, the aeration is 
controlled until all the ammonia nitrogen has been 
consumed; 

• The control of anaerobic processes aims at regulat¬ 
ing the biogas flow, at stabilizing the process, and at 
maximizing its productivity. Still current state-of- 
the-art focuses on unit process operation; 

• In section “Energy Recovery from Wastewater”, 
some examples of integrated control for biogas 
production were presented. 

Water Use and Impacts on the Aquatic 
Environment from Energy Production 

The demand for water is growing. The world water 
demand has more than tripled over the past half cen¬ 
tury. In the year 2000, the global water use was esti¬ 
mated to be about 30% of the world’s total accessible 
fresh water supply. That fraction may reach 70% by 
2025 [1]. 

This means that there will be more competition 
for the water needed for energy production. As 
a consequence, more water-intensive energy producers 
will be forced to look for more efficient alternatives. 
A key indicator may be “energy return on water 
invested” [8, 40]. 

Hydropower is often considered as “green” energy 
in the sense that the electric power production does not 
generate any emissions of greenhouse gases. Hydro- 
power now generates about 19% of the world’s electri¬ 
cal power. However, there are many signs of serious 
ecological impacts of hydropower generation. Dams do 
not only influence downstream transport of sediments, 
which has consequences for agriculture; they also serve 
as giant sedimentation basins. Fertilizers from the river 
no longer reach downstream agriculture. The sedi¬ 
ments are instead collected on the bottom of the 
basin. Eutrophication in dams is another serious prob¬ 
lem and evaporation from water dams in warm coun¬ 
tries has not been sufficiently addressed as a great threat 
to freshwater availability. Dams can also act as physical 
barriers, restricting migration of aquatic wildlife. 

On a global basis, only about one third of available 
hydropower potential has been used. However, the 
environmental and social costs for large dams will 


probably prevent much further development of large 
hydropower systems. Still there is a potential for small 
hydropower plants - less than 10 MW - that could be 
adequate for remote rural areas. The reservoirs needed 
for large hydropower plants globally cover a surface 
area of around 500,000 km 2 - roughly the size of 
Spain. With a lot of hydropower in warm countries, 
there is a huge loss of water due to evaporation. The 
social cost is also significant. Around 80 million people 
have been forced to move due to dam constructions. 

Thermal power plant operations - both coal fired 
and nuclear - require large amounts of cooling water. 
For example, in the USA almost 40% of the withdrawn 
freshwater is used for cooling in thermoelectric plants; 
however, only about 3% is actually consumed, mostly 
by evaporation. Heating of the water and the risk of 
radioactive contamination present great environmental 
challenges. Addition of chemicals, for example inhibi¬ 
tors, anti-scaling agents, and biocides in cooling 
towers, may represent high environmental loads of 
hazardous substances. Although these are at relatively 
low concentrations, accumulation of chemicals can be 
harmful in the long term. A wide variety of processes 
are already employed in power plants to recover, recy¬ 
cle, and reuse water. An overview of these technologies 
is found in [41]. 

Climate change will add to the risks of conflict 
between water and energy. The efficiency of the cooling 
process depends on the temperature difference between 
the cooling water and the temperature related to the 
plant. Consequently, there are strict requirements on 
the temperature of water that is used. With a higher 
cooling water temperature, more water is needed to 
provide the same cooling effect. Most plants have reg¬ 
ulations or other constraints that limit their ability to 
adjust their withdrawal rates. In the short run, this 
means that they will get less cooling, a corresponding 
decrease in turbine backpressure, less efficient genera¬ 
tion, and less electric energy for the same amount of 
raw energy input. Also, many nuclear plants have safety 
limits on intake temperature that could trigger com¬ 
plete shutdowns more frequently in altered climate 
scenarios. In addition, environmental concerns usually 
impose limitations on the temperature of water 
discharged back into the streams and reservoirs. 

Water and energy industries are competing for 
the same resource. For instance, availability of cooling 
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water is a key issue for many power plants. If a river’s 
flow is reduced, as they can do seasonally, power plants 
may find there isn’t enough water available for cooling. 
This issue will only become more critical with climate 
change. It is quite apparent that the water quantity and 
quality aspects are not always placed sufficiently high 
on the agenda of many power companies. It will be 
increasingly important to establish networks of water 
and energy professionals to deal with the close relation¬ 
ship between water and energy. 

It is obvious that energy savings in households and 
in industry will have a large impact on the need for 
electrical energy and consequently on water consump¬ 
tion and ecology. Technology development, for exam¬ 
ple, using more efficient pumps, refrigerators, air 
conditioners and heating systems, and power electronic 
motor control will offer a most significant impact on 
the total electrical energy use. 

As an ironic consequence of technological develop¬ 
ment in developing countries, low-cost asynchronous 
motors and pumps have increased the water extraction 
for agriculture. One reason for the non-sustainable 
groundwater pumping is that the surface water is too 
contaminated. In some cases, this has had catastrophic 
consequences for groundwater levels and salinity of the 
soil. More efficient use of water for agriculture is there¬ 
fore of paramount interest. This requires education, 
better equipment, probably economic support, and 
also some new legislation. 

The “environmental friendly” zeal for ethanol has 
not considered the extensive irrigation required for the 
grain that supply ethanol. The situation in Midwestern 
USA can illustrate the problem. If irrigation is used, at 
least 1 m 3 of water is needed for every 10 km travelled 
by an ethanol-powered vehicle [42]. According to [42], 
in case of ethanol-fuelled vehicles, there is a need to 
move from our old way of thinking - gasoline used per 
kilometer - to water used per kilometer. This water is 
often extracted from aquifers in a non-sustainable way. 
Fossil water is used and will not be replaced for 
generations. 

It should also be noted that various portions of the 
ethanol production cycle have different water require¬ 
ments. For example, in biofuel production irrigation 
requires orders of magnitude more water than ethanol 
biorefineries, as shown in Table 4. However, the inten¬ 
sity of water consumption can be much higher for 


Water and Energy Nexus. Table 4 Estimated use of water 
for various technologies of biofuel production (From [8]) 



Irrigation use 
(1 water/I ethanol) 

Refinery use 

Oil 


0.5-1 1 water/I 
gasoline 

Com 

0-1,900 1 water 

2-5 1 water/I 
ethanol 

Cellulose 
(sorghum) sugar 

0-400 1 water 

6 1 water/I 
ethanol 


refineries, where thousands of cubic meters of water 
are to be withdrawn on the spot, significantly changing 
local hydrology and requiring additional infrastructure 
to provide that water. 

According to estimates from U. S. Department of 
Energy (DOE), more than 4 1 of water are needed for 
every liter of transportation fuel produced, threatening 
the limited water supplies (DOE Report 2006:80). 
China announced that it needs to curb coal-to-liquid 
production, because of concerns over pollution and the 
volumes of water consumed. Nevertheless, more 
recently, it was announced that the facility “will start 
operating later this year and is expected to convert 
3.5 million tons of coal per year into 1 million tons of 
oil products such as diesel for cars.” [8]. They will use 
groundwater and recycled water from coal mines to 
supply the 8 million tons it will need each year. In 
some parts of China, 30 years ago, the water table 
was 5 m below the ground. Today, it is 35-40 m below 
the ground because the groundwater is used in an 
unsustainable way. 

Conclusions 

Water and energy are the two most fundamental ingre¬ 
dients of modern civilization. Without water, people 
will die. Without energy, we cannot produce food or 
run our homes or industries. Considering the close 
relationship between water and energy, it is obvious 
that the challenges have to be treated in an integrated 
manner and single issues cannot be treated in isolation. 
An integrated approach means that the whole system has 
to be considered, including pure water resources, energy 
consumption, water usage, wastewater treatment, water 
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reuse, receiving water, and possible energy production. 
Integrated systems can only be considered by cooperation 
between several specialists. The interdisciplinary view has 
to be recognized, which also means that we have to 
exercise much more communication between engineers 
and scientists of different disciplines, but also between 
technology people and professionals in social sciences, 
behavior sciences, economy, and political decisions. 

Saving energy and water is not just a technical chal¬ 
lenge. Maybe the most important factor is our con¬ 
sumer attitudes and behavior. This includes how we use 
hot and cold water for showers, dishwashers, and wash¬ 
ing machines. What kind of machinery is used? How 
do we consume water for gardening, etc.? As an exam¬ 
ple, the long drought in Queensland, Australia has 
forced the authorities in Brisbane to enforce 
a decreasing consumption. In 2005, the consumption 
was 300 L/day/person and in 2007, this had decreased 
to 130 [43]. This included restrictions for external 
water use and recommendations for internal water 
consumption. 

As the world population grows, the demands for 
both water and energy increases faster than ever. It 
looks as if the world has become aware of the era of 
peak oil, seeing the fluctuations of the oil price. It seems 
that we are approaching an era of peak water - there 
will be lack of cheap water. The situation should already 
be considered a crisis, but the public in many developed 
countries has not grasped the urgency. Water is ulti¬ 
mately more important than oil, because it is more 
immediately crucial for life. We have government 
departments of energy. As Webber [42] points out, we 
should have a Department of Water that would ensure 
the effective use of water. Water is certainly a human 
right, but it should not be free or cheap. If we think that 
water is important, we should put a realistic price on it. 
The attitude toward water consumption may be the 
crucial ingredient. Furthermore, new approaches to 
financing, managing, and maintaining systems must 
be developed, as well as approaches to involve local 
communities. 

The energy and water nexus has to be recognized by 
decision makers, researchers, and engineers as a vital 
one. It will not only determine the way to extract, treat, 
and distribute water, but also collect and treat waste- 
water. The role of water has to be fully recognized in the 
production of energy, both for electricity and for 


transportation. For individuals, there are many ways 
to influence both the water and energy consumption in 
their daily lives, for example at home and when making 
transport choices. Creating the right pricing, policy, 
and regulatory environment is critical to encouraging 
behavioral changes, and ensuring a sustainable use of 
water and energy. 

Conservation of energy saves both energy and 
water. Optimal water use saves both water and energy. 

Future Issues 

In the future, water supplies and treatment will prob¬ 
ably become more energy intensive. Readily accessible 
freshwater supplies are limited or have been fully 
allocated in some areas. The new alternative water 
resources considered are seawater, brackish water, pro¬ 
duced water, or impaired water. This means increased 
energy consumption for pumping at deeper depths and 
longer distances. New technologies to access and treat 
nontraditional water resources will require increased 
energy consumption per cubic meters of water. 

Many new technologies offer interesting solutions. 
Wave energy offers sustainable solutions for energy 
generation, and the combination of desalination plants 
and wave energy generation is likely to be a very inter¬ 
esting area for research and development for water 
professionals in cooperation with power systems 
researchers. Microbial fuel cells (MFC) offer another 
interesting combination of water and energy issues. 
MFCs present an interesting energy challenge and also 
offer sustainable treatment of biological substances as 
a by-product [43]. 

Heat production from groundwater or effluent 
water in treatment plants is technologically possible, 
and application rates should increase along with invest¬ 
ment in relevant infrastructure, for example, district 
heating systems could be applied at large scales. 

Regulatory aspects of balancing the competing 
interests of water and energy needs by several sectors 
and industries is a multidisciplinary task. There is an 
emerging need to create professional platforms where 
such issues can be discussed and further developed on 
“neutral ground.” A focus should be on the develop¬ 
ment of concepts and motivating incentives rather than 
case-specific matters. For example, water pricing rep¬ 
resents an issue not only affecting water and wastewater 
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utilities but also energy and agricultural sectors. It is 
obvious that new incentives and attitudes have to be 
developed in order to save water and save energy. 

There is an urgent need for a paradigm shift from 
promoting growth to sustainability. Sustainable growth 
is impossible on a finite planet; we can only talk about 
sustainable development. We have created a global sys¬ 
tem that is closely coupled, and crises in one location 
send waves of disruption throughout the system. The 
fact that we live in a globalized system creates new 
opportunities, but also increases our risks, since there 
may be no place to go in case of a collapse. It will be 
unlikely that one developed country or region will be 
able to maintain its high quality of life if the rest of the 
world will be in substantial crisis. We have become very 
interdependent worldwide. 
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Glossary 

Actuator A transducer that reacts to a control signal 
and performs the desired action. 

Anaerobic Conditions in a biological treatments 
system characterized by the absence of oxygen in 
any of its forms. 

Anoxic Nitrate serves as terminal electron acceptor. 
Closed loop control System where the controlled var¬ 
iable is measured and the result of the measurement 
used to manipulate one of the process variables. 
Also called feedback control. 

Denitrification The conversion of nitrate nitrogen to 
gaseous nitrogen through anoxic heterotrophic cell 
growth. 

DO Dissolved oxygen. 

Nitrification The conversion of ammonia nitrogen to 
nitrite and nitrate nitrogen through autotrophic 
cell growth. 

Online estimation Estimation of model parameters 
during the operation of the system. 

Open loop control System where information about 
the controlled variable is not used to manipulate any 
of the system inputs to compensate for variations in 
the process variables. Also called sequencing. 
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ORP Oxidation-reduction potential or redox. 

OUR Oxygen uptake rate is the rate at which oxygen is 
utilized by microorganisms, typically expressed in 
mg/L/h. 

PID controller Three mode controller combining 
the actions of proportional (gain), integral 
(reset), and derivative (rate) elements into a 
single unit. 

Redox Oxidation-reduction potential or ORP. 
Setpoint The desired value for a control system, that is 
a temperature, flow rate, pressure, or level at which 
a process should operate. 

WWTP Wastewater treatment plant. 

Definition of the Subject 

Instrumentation, control and automation (ICA) are 
now essential in all water and wastewater operations. 
While wastewater treatment plants (WWTPs) have 
been upgraded from relatively simple mechanical/biolog¬ 
ical plants for organic removal, the plants of today are 
increasingly complex and include not only biological 
nutrient removal but also the requirement to interact 
on both a plant wide level and with the sewer systems. 

The ideal ICA system contains four functional 
components: 

• A quality team of people who feel a deep sense of 
ownership of the system and the treatment plant 
and who are committed to the continuous 
improvement ethics. 

• An instrumentation system to gather adequate pro¬ 
cess variable information. 

• A monitoring system to acquire data, process and 
display the data, detect and isolate abnormal situa¬ 
tions, assist in diagnosis and advice, and finally 
simulate the consequences of operational adjust¬ 
ments. A proper data acquisition and reporting is 
crucial. 

• A control system to meet the goals of the 
operation. This can take place both locally 
within the treatment process by low-level con¬ 
trol system or by coordination of the various 
processes within the plant as well as with the 
sewer system. 

Automation in wastewater treatment systems have 
to include several disciplines: 


• Process engineering: The focus of the ICA efforts 
always has to be the process. Therefore process 
knowledge, including the equipment to operate 
the process, is essential for a successful control. 
Dynamic modeling and simulation is used as an 
important tool. 

• Instrumentation technology: Measurements of the 
states and parameters of the process requires instru¬ 
mentation knowledge. 

• Signal processing: Handling the measurement data 
has the purpose to remove inadequate data and 
extract essential information from the sensors and 
instruments. 

• Monitoring: Based on the measurement informa¬ 
tion, a monitoring and detection function has to 
help to make the operation reliable. 

• Operator guidance: Based on measurements 
and monitoring, the computer system should 
support the operator to make the adequate 
decisions. 

• Automatic control: The controller makes the 
decision how to change the control variables 
(liquid and airflow rates, dosages, reaction 
times, etc.). 

• Actuator technology: The design and operation of 
pumps, compressors, and valves. 

• Production planning: This includes planning how 
to operate the plant to prepare for future distur¬ 
bances and external changes. This can include plan¬ 
ning for a coming rain event, extreme loads (like 
a tourist season), or temperature due to seasonal 
variations. 

The concept of control is further described in the 
Introduction. There are several incentives for control of 
wastewater treatment systems, and they are illustrated 
in Incentives for Control. Disturbances to the plant 
motivate feedback control and this requires that the 
goal for the control is clearly defined. Basic Control 
Actions presents the basic ideas of control concepts and 
some of the basic control actions that have to take place 
to just keep the plant running. In Control of Biological 
Oxidation, some specific control systems are described 
for the biological oxidation processes, where dissolved 
oxygen (DO) control is a key operation. Control of 
Denitrification describes how control can make the 
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reduction process denitrification more efficient and 
economical. Monitoring is to keep track of the current 
process operational state via the instrumentation. This 
is further described in Monitoring. In order to satisfy 
increasing demands on effluent quality and ecological 
standards, it is needed to apply an integrated view of 
the whole plant operation and its connection upstream 
to the sewer network and downstream to the receiving 
water. These aspects are discussed in Plant Wide Con¬ 
trol. In Future Directions, finally, some future perspec¬ 
tives are discussed. 

Introduction 

Advanced control is getting increasingly demanded in 
water and wastewater treatment systems and has been 
subject to a lot of applications in other parts of the 
process industry. Various case studies have shown 
significant savings in operating costs and remarkably 
short payback times. Process control in wastewater 
treatment systems is today well recognized as an 
integrated part of the plant operation. Still, however, 
the industry has a lot to learn from other process 
industries, like the chemical or paper-pulp process 
industries. It is the process knowledge, the sensor 
technology, and the way the plants have been 
designed and built that may limit what can be 
achieved today. Wastewater processes do have some 
unique features: the flow rates, the disturbances, the 
small concentrations, the organisms, the separation, 
and the fact that all the “raw material” has to be 
accepted and treated. 

During many years, the incentives to apply auto¬ 
matic control were missing. Operators and organiza¬ 
tions did not have the incentives to develop operation 
based on instrumentation, control and automation 
(ICA). Economic incentives are of course essential 
and today many organizations have created such eco¬ 
nomic driving forces that have accelerated the applica¬ 
tion of ICA. 

There are several technical driving forces that have 
contributed to make ICA being applied much more: 

• Instrumentation development : Today online instru¬ 
mentation for some key components are available 
and getting both reliable and profitable to use. This 
includes sensors for ammonia, nitrite/nitrate, and 
phosphate. 


• Actuators : Variable speed technology is well proven 
for electrical motors. This means that both pumps 
and compressors can be operated flexibly, which 
will have a significant impact on the quality of the 
operations. 

• Computer systems: Distributed computer systems, 
including PLCs (programmable logical controllers) 
are available in modules and can be adjusted to the 
size of the plant. 

• Automatic control: The control technology and 
engineering is sufficient for most needs and is 
often packaged in the real-time computer systems. 

• Process knowledge: This has increased tremendously 
over the last decades. Dynamic models of the treat¬ 
ment systems are available in commercial simula¬ 
tors and this can be of help not only for the design 
but also for operator guidance. 

• Education: The level of education of operators is 
often high and increasing. However, unfortunately 
the education of process designers most often does 
not include anything about dynamics and control. 
This was recognized already in 1974 at a conference 
at Clemson University, South Carolina, USA. Pro¬ 
fessor John Andrews recognized the need for edu¬ 
cation at all levels and he noted: “A course in Process 
Dynamics and Control is commonly found in most 
chemical engineering curricula. We would be well 
advised to include a course in Dynamics and Control 
of Wastewater Treatment Systems in environmental 
engineering curricula.” Today there are such courses 
at a few universities, and it has taken a long time to 
make this vision come true. 

Demands from the regulatory agencies are also 
important driving forces and give incentives for con¬ 
trol. Demands on organic matter content, nitrogen, 
and phosphorous components in the effluent require 
good operation consistently, around the clock. The 
only reasonable solution to this challenge is online 
measurements and automatic control. 

Economic incentives are today much more appar¬ 
ent, and the requirement for economic operation are 
expressed clearly at many plants. 

It is generally acknowledged that the introduction 
of ICA during the last decades has increased the capac¬ 
ity of biological nutrient removal (BNR) wastewater 
treatment plants by 10% to 30%. If these possibilities 
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are further exploited by intelligent use of measure¬ 
ments and information technology, the improvements 
due to ICA will have a significant impact during the 
next decade. It has the potential to reduce operating 
costs - such as electrical energy, chemicals, sludge dis¬ 
posal, and in some countries green taxes - and to keep 
the effluent quality consistently acceptable, despite load 
variability and plant disturbances. Furthermore, ICA 
can make the plant meet increasing load demands. For 
apparent reasons, ICA has to be integrated already in 
the plant design process. 

As the complexity of the plants and processes has 
grown, the electrical and real-time computer systems 
have developed even faster. It is expected that ICA will 
have an even larger impact on both the performance 
and economy of wastewater treatment systems in the 
coming decade. 

More detailed descriptions of the state of the art of 
ICA in wastewater treatment systems are given in the 
books [1-3]. 

Incentives for Control 

Control is about how to operate the plant or process 
toward a defined goal, despite disturbances. 




Disturbances 

Disturbances are the main reason why control is 
needed. They are present all the time and will affect 
the process, so they cannot be neglected. The load 
varies every minute, hour, day, and month with respect 
to its flow rate, its concentrations, and its composition. 
Under all these varying load conditions, the plant has 
to operate in such a way that it satisfies the effluent 
requirements. A wastewater treatment process is quite 
unique in the process industry. The “raw material” 
cannot be controlled and simply has to be accepted. 
Despite this lack of quality control of the input 
the “product,” the effluent water, has to satisfy 
a sufficiently good standard all around the clock. 

Disturbances related to the influent can be 
described as in Fig. 1, which represents a municipal 
treatment plant in a suburb with no industrial plant 
connected to the wastewater treatment plant. Diurnal 
variations are apparent and the flow rate varies at least by 
a factor of 10. The concentration variations are almost in 
phase with the flow rate variation, so the total load varies 
significantly. Under all these conditions, the plant has to 
be operated satisfactorily. Traditional design usually 
solves the variability problem by increasing the tank 
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Diurnal variations from Thursday through Sunday in a municipality without any industry. There is no rain during this period 
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volumes. In this way, the variations are smoothed and 
the plant can produce a satisfactory effluent. However, 
the price of such an overdesign is high. Also, at low 
loads the plant may be “underloaded” and the retention 
time in the system will simply be too long. 

Many treatment plants have to receive stormwater 
from rain. This causes two types of disturbances. One is 
of course the higher flow rate, which will decrease the 
retention time in the process. Furthermore, it may risk 
the performance of the settler, which will result in loss 
of sludge into the effluent. Thus, the effluent quality 
will deteriorate while the process will lose sludge- 
containing microorganisms that serve in the waste 
removal process. The other rain disturbance is due to 
the rate of change of the flow rate. A sudden rate of 
change will again cause problems in the settler unit. 
Any sedimentation has to guarantee a smooth laminar 
flow, but the sudden flow increase will propagate to 
the settler and cause hydraulic upsets and some turbu¬ 
lence. This is of course detrimental for the settler 
performance. 


In many plants, there are unintentional distur¬ 
bances caused by the equipment. If the plant is 
supplied with only on/off control of the influent 
pumps, any pump start will cause a sudden flow 
increase into the plant. The result is again an upset 
of the settler performance. Consequently, a good 
control and operation of the plant will assume 
smooth pumping using variable speed control of 
the pumps. 

A wastewater treatment plant consists of many unit 
operations that are connected serially or via 
recirculations. As a result, a disturbance in one of the 
units will propagate to some other unit. These kinds of 
disturbances are less obvious, but may significantly 
influence the plant operation. One example can illus¬ 
trate this. Reject water (supernatant) from an anaerobic 
digester is usually recirculated to the influent of the 
wastewater treatment plant. The supernatant has often 
a high concentration of nitrogen components and will 
consequently increase the load to the plant quite sig¬ 
nificantly. This can be illustrated by Fig. 2. 




Water and Wastewater Operation: Instrumentation, Monitoring, Control and Automation. Figure 2 

The consequence of recirculation of reject water (supernatant) from an anaerobic digester back to the treatment plant 
during a 10-day period. The lower curve shows the supernatant flow rate. The concentration is very high, so the impact 
on the wastewater treatment is significant. The upper curve shows the oxygen uptake rate in the aerator, which is a sign of 
the biological activity as well as the load (M.K. Nielsen, Denmark, personal communication, 2006) 
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If the supernatant is recirculated at a high load 
situation, the operation of the biological reactor will 
suffer. Therefore, it is important not only to control 
each one of the unit processes but also their interaction. 
This recirculation should be activated only at the low 
load periods. 

The Control Goals 

The ultimate goal of the operation of a wastewater 
treatment plant is to satisfy the effluent criteria. They 
can be expressed in terms of organic material con¬ 
tent, total nitrogen, total phosphorus, and suspended 
solids. However, given the many steps of the opera¬ 
tions from the influent to the effluent it is most 
often almost impossible to base any control action 
on measurements of the effluent quality. Instead, 
a number of intermediate goals have to be formu¬ 
lated in order to synthesize some control action. 
Examples of such goals are: 

• Grow the right biomass population 

• Maintain adequate mixing 

• Keep the level of dissolved oxygen at the right level 

• Maintain an adequate airflow rate while minimiz¬ 
ing the pressure 

• Keep the sludge blanket level in the settler between 
given limits 

• Avoid overload of the clarifier 

• Avoid too long retention time of the sludge in the 
settler 

Another goal is to minimize the operational costs. 
Here a control system can make a significant con¬ 
tribution to savings. The two major energy con¬ 
sumers in wastewater treatment are pumping of 
the influent wastewater and aeration. Typically, aer¬ 
ation in the biological treatment systems represents 
over 80% of the energy costs for biological treat¬ 
ment (Olsson G, ► Water and Energy Nexus, this 
volume). Depending on the geographical conditions 
pumping costs can be quite different in different plants, 
but pumping together with aeration represents most of 
the energy cost. 

Aeration can be controlled so that the microor¬ 
ganisms will receive just enough air to function, but 
not more. Any excess of air flow will cost money. 
Likewise, the pumps have to be designed in such 
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Illustration of the feedback principle 


a way that they have a maximum efficiency at the 
most common flow rates. On top of this it is 
important to control the flow rates smoothly, so 
variable speed drives are important for good 
control. 

Basic Control Actions 

The fundamental principle of control is feedback, illus¬ 
trated by Fig. 3. The state of the process is measured 
by some online sensor (or a human observer). Based 
on the measurement a decision is made how to 
correct the process in order to reach the goal. The 
decision is made in the controller that will send 
a command to some actuator that will make the 
correction of the process. The reason that measure¬ 
ments and corrections have to be made all the time 
is that disturbances will influence the process behav¬ 
ior in some way. 

One is faced with feedback systems all the time 
in one’s daily life. The human body would not 
function without a huge number of feedback 
loops. For example, to stand up requires feedback. 
The balance system in the ears and the vision will 
measure if the body is straight. The brain calculates 
how to change the feet in order to keep the balance 
and the muscles (the “actuators”) will make the 
change happen. 

While driving a car the driver all the time applies 
feedback. The eyes watch the speedometer and the 
road, etc., and the brain will compose all that 
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information and make a decision what to do in the 
next moment. This is translated to the muscles to 
turn the steering wheel, to brake, or to accelerate. 
The reason all the time for the feedback is that the 
scene is changing continuously. In other words, the 
“process” is subject to disturbances that force one to 
use feedback. 

Open Loop Control 

It is important to understand the difference between 
feedback control (also called closed loop control) and 
open loop control. In open loop control, the control 
action is simply triggered by a timer. No measurement 
of the result is made. Some common examples of open 
loop control are: 

• A pump that is switched on certain time intervals 
and switched off the rest of the time. No flow rate 
measurement is made. 

• A sequential batch reactor (SBR), where the phase 
length is only determined by a timer. For exam¬ 
ple, in nitrogen removal the reactor is aerated 
a given time and then not aerated in the next 
time interval. Again no measurement is made of 
the ammonium or nitrate concentrations at the 
end of each phase. More of this is discussed in 
Control of Biological Oxidation and Control of 
Denitrification. 

• A sludge scraper is operated every nth minute. The 
sludge level is not measured, so sometimes the 
scraper will remove only small amounts of sludge 
and at other times too much sludge. 

• Two compressors may provide aeration for the bio¬ 
logical reactor. One of them may be switched on 
during the day and switched off during the night. 
No confirmation of the resulting dissolved oxygen 
concentration is made. 

It is obvious, that measurements and feedback con¬ 
trol are necessary to truly compensate for variable loads 
and other disturbances. Open loop control may seem 
to have a lower cost, since it does not require measure¬ 
ments. However, if operating costs are calculated, then 
the open loop control is mostly inferior. Furthermore, 
if the effluent quality is to be maintained, then feedback 
is superior. 


Disturbance 
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A simple control loop 


Control of the Equipment 

The top priority for any operation is to keep the 
plant running. This means that all the equipment, 
such as pumps, valves, motors, compressors, sludge 
scrapers, etc., simply have to work as intended. 
Many of these operations are not directly influenc¬ 
ing the effluent quality, but without a proper oper¬ 
ation of the equipment the effluent quality will 
suffer sooner or later. 

Figure 4 is a control engineering block diagram and 
illustrates the principle of a simple control loop for the 
local controllers. Assume that one wishes to control the 
airflow rate in an aerator. The desired value (setpoint) 
may be provided in two different ways. The operator can 
manually set the desired airflow rate or another controller 
can send a signal that the airflow rate has to be changed. 
The desired value is compared with the measured airflow 
rate that can be measured for example by a differential 
pressure sensor. The controller acts on the difference 
between the desired and the measured values, the error. 
The controller tries to bring the error to zero in the best 
possible way. The controller will send its control signal to 
a valve and some motor or pneumatic device may open 
or close the air valve. The external disturbance in this case 
may be the varying oxygen demand from the microor¬ 
ganisms in the aerator. 

Opening or closing an airflow valve means that the 
pressure in the air pipe will change. A pressure control¬ 
ler is used to keep the pressure constant, despite the 
disturbances. Again, the structure of the pressure con¬ 
troller looks like Fig. 4. The controller calculates the 
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difference between the desired pressure and the mea¬ 
sured pressure and produces a control signal that will 
influence the airflow production from a compressor. 
This means that the pressure controller provides a new 
setpoint to the compressor. 

It is assumed that the compressor has a variable 
speed drive system. Then the pressure controller has 
given the setpoint of the speed. The pressure controller 
will send a signal “increase the speed” in order 
to increase the pressure and this implicates that the 
speed controller setpoint is increased. The speed con¬ 
troller of a motor again looks similar to Fig. 4. Basically, 
the speed controller compares the actual motor speed 
with the desired speed and attempts to make the dif¬ 
ference (error) equal to zero. Still, if the pressure sensor 
is not satisfied, then the speed setpoint will be further 
changed until the speed of the compressor is such that 
the pressure setpoint has been reached. 

It is obvious that any wastewater treatment plant 
contains a large number of local controllers for phys¬ 
ical variables like pressures, speeds, levels, liquid flow 
rates, and airflow rates. It is not at all apparent how 
each one of them will influence the final product, but 
all of them have to work satisfactorily in a well¬ 
functioning plant. 

The control problems at the equipment level are 
very similar in any process industry, and a wastewater 
treatment plant is no exception. Almost all these 
controllers are of PI (proportional + integral) type, 
that is, the control signal is proportional to the error 
signal and to its time integral. Such a controller has 
the form: 

u = uq T K ^e T — J e dt'j 

where u is the control signal, u Q an offset signal, e the 
error, K the proportional gain, and T the integral time. 
In a local controller, the tuning of the two parameters 
K and T is the primary task. A too small KwiW make the 
controller response slow while a too large I<C will make 
the controller react too quickly. It may also cause 
instability of the system. The integral part of the con¬ 
troller has one purpose, to finally make the error equal 
to zero. 

The design of feedback controllers has attracted con¬ 
siderable attention in the control literature. Many 


advanced control algorithms based on for example 
dynamic models, neural networks, and fuzzy logics have 
been proposed. However, no convincing evidence has 
been made available suggesting that these advanced algo¬ 
rithms produce better control performance in wastewater 
treatment systems than the conventional PID (propor¬ 
tional-integral-derivative) algorithms, which have been 
used in most practical process control applications (more 
than 95% of the controllers in a typical paper and pulp 
industry are PID controllers). Control systems based 
on simple rules (rule-based control) have also found 
successful applications. 

All measurements on the equipment level are 
physical measurements, such as levels, pressures, air 
and liquid flow rates, so the sensor technology is 
well established [4]. There are literally hundreds of 
textbooks in control, so just two are selected for 
the bibliography. The textbooks [5], [6] give a good 
introduction into control theory applied for process 
control. 

Control of Biological Oxidation 

The control actions in the various unit processes will 
influence the quality of the water more directly. Some 
examples of important control actions that are of great 
importance for the quality of the operation of the plant, 
and thus the effluent water quality are provided. The 
interested reader may refer to [7] for a detailed descrip¬ 
tion of the biological processes in wastewater treatment. 

The Aeration Process 

In the biological reactor, organic matter is removed by 
biological oxidation. Microorganisms feed on the car¬ 
bon and the oxygen in the water. Some of the organic 
matter is used to maintain the organisms, while the rest 
is converted into carbon dioxide. The process is very 
similar to the way in which humans use food (organic 
matter) to generate energy. The energy is released when 
the organic matter is converted into carbon dioxide 
during respiration. Approximately half of the organic 
matter is used to increase the body mass of the micro¬ 
organisms, and the rest is converted into carbon 
dioxide. 

Most of the nitrogen that arrives at the wastewater 
treatment plant comes as ammonium (60-80%). 
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The remainder is predominantly bound to both soluble 
and particulate organic matter. The nitrogen bound to 
organic matter is released as ammonium. The particu¬ 
late material is hydrolyzed and produces soluble 
organic matter and nitrogen. 

The removal of ammonium takes place in two prin¬ 
cipal stages: nitrification and denitrification. The nitri¬ 
fication process oxidizes ammonium into nitrate, while 
denitrification reduces nitrate into free nitrogen. The 
nitrification process is performed by a group of micro¬ 
organisms called nitrifiers. Nitrifiers are autotrophs, 
that is, they can use carbon dioxide (which the water 
contains) to grow, as opposed to the heterotrophic 
microorganisms, which feed on easily degradable 
organic matter. Oxygen is a prerequisite for this pro¬ 
cess. Conditions in which dissolved oxygen is present 
are called “aerobic conditions.” 

Dissolved Oxygen Control 

It is obvious that the concentration of dissolved oxygen 
(DO) is crucial for the oxidation of both organic matter 
and of ammonium. Both these processes take place in 


the same reactor. If the DO concentration in the aerator 
is too low, then the growth rate of the organisms will be 
limited, as illustrated in Fig. 5. If the DO level is very 
high then the increase of the growth rate is only mar¬ 
ginal. Therefore, a too high DO level will make the 
operating costs too high. 

To begin with, it is assumed that the desired DO 
concentration is constant. The microorganism 
growth rates will increase for an increasing organic 
or ammonium load. This can be noticed as an 
increasing oxygen uptake rate (OUR). In other 
words, if the load increases, then the DO concentration 
will decrease due to the increase of the oxygen uptake 
rate. 

The control of aeration has been the subject to 
considerable research since 1970s, when the dissolved 
oxygen (DO) sensors reached a level of robustness and 
precision suitable for feedback control [2]. Today, the 
control of DO to a setpoint is considered a mature 
technology from the methodological point of view. 
Remember, that the actuators are crucial. Thus, the 
compressor has to allow a variable airflow that is 
required by the control system. Still there may be 
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Water and Wastewater Operation: Instrumentation, Monitoring, Control and Automation. Figure 5 

The principal behavior of the growth rate of microorganisms as a function of the DO concentration. For aerobic 
microorganisms the growth rate will increase with the DO concentration, while for anoxic organisms the growth rate is 
highest for an oxygen-free environment 
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Water and Wastewater Operation: Instrumentation, 
Monitoring, Control and Automation. Figure 6 

Structure of a standard dissolved oxygen (DO) cascade 
control loop 

inadequate capacity of the blowers for very high loads. 
From a control point of view, this is a common prob¬ 
lem: The control variable most often has a lower and 
upper bound. 

Figure 6 illustrates the structure of a typical DO 
control system. 

A DO controller is based on the measurement of the 
DO concentration in the reactor. It is, for simplicity, 
assumed that the reactor is a completely mixed aerator. 
Then the DO sensor will represent the concentration in 
the whole aerator. A too low DO concentration has to 
be compensated by an increase in the airflow rate. 
Consequently, a too high DO concentration will be 
decreased by decreasing the airflow rate. In the control 
system, the DO concentration is compared with the 
DO setpoint and the DO controller (the master) will 
calculate the necessary airflow change required to 
change the DO concentration toward the desired 
value. However, the DO controller does not directly 
manipulate the air valve. Instead, the desired airflow 
is given as a setpoint to a second controller, the airflow 
controller (the slave). This controller receives the air¬ 
flow rate measurement and compares it with the 
desired airflow. This difference will then make the 
actuator (a compressor or a valve) change the airflow 
to the desired value. The loop is called a cascaded con¬ 
trol loop and is the standard configuration in most DO 
control systems. 


Dissolved Oxygen Control Based on Ammonia 
Measurements 

The oxidation of ammonia via the nitrifiers is 
a slower process than the oxidation of the organic 
matter. This means that the organic matter will dis¬ 
appear faster than the ammonia. Therefore, the 
decrease of the ammonia concentration is of primary 
interest. With the development of nutrient sensors it 
has been possible to extend the dissolved oxygen 
control to allow for an online adjustment of the 
level of oxygen supply. It means that the appropriate 
DO setpoint can be determined by online ammonia 
measurements. For details, [1], [2], [3] should be 
referred to. 

If the aerator is designed like a plug flow reactor 
then the ammonia concentration is high at the inlet 
and will gradually decrease toward the outlet. If the 
ammonia concentration approaches zero well before 
the outlet, then the operation has been too ambitious 
and the last part of the reactor is not needed for the 
oxidation process. This behavior can be corrected with 
DO control. If the DO setpoint is lowered, then the 
growth rate of the nitrifiers will be slightly smaller. 
Thus, the DO setpoint should be decreased so much 
that the ammonia will approach zero close to the inlet. 
As a consequence, the energy consumption will 
decrease. 

Conversely, if the ammonia does not approach 
zero at the outlet there may be several reasons. The 
first one to be tested is if the DO setpoint has been 
too low. Then the setpoint can be increased (but only 
to a maximum value) to ensure that the growth rate 
of the organisms has been sufficient. If the ammonia 
still does not approach zero, then the aerator is 
overloaded at that time and the nitrification capacity 
is insufficient. 

A DO setpoint controller can be a simple PI 
controller. The setpoint of the controller is the 
desired ammonia value at the outlet of the aerator. 
The controller produces a control signal, which 
will serve as the desired DO setpoint. This signal 
is then sent to the DO control system (Fig. 6). Now 
the DO setpoint becomes a time-varying value 
and no longer a fixed value given by the operator. 
The resulting controller has become a hierarchical 
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structure of three controllers working in cascade by 
the master-slave principle. 

This kind of ammonia controller DO setpoint 
has been introduced in many plants. The energy 
savings can be significant, especially during low 
load periods. In the experiments reported in [8], 
the savings were 28% compared to the parallel 
line where a constant DO setpoint was applied. This 
corresponds to a significant part of the operating costs 
and can motivate the extra cost of an ammonia 
analyzer. 

Phase Length Control in Sequential Batch Reactors 

Sequential batch reactors (SBRs) are quite popular in 
many places and they offer interesting control oppor¬ 
tunities. During the biological oxidation phase, there 
is no influent to the reactor. As a result the organic 
matter content will decrease with time. Likewise the 
ammonia concentration will decrease as a function of 
time, but slower than the organic matter. The ammo¬ 
nia concentration as a function of time looks like the 
ammonia concentration as function of the reactor 
length in a plug flow reactor. Ammonia is oxidized 
to nitrite and then to nitrate, so the decrease in 
ammonia corresponds to an increase in nitrate 
concentration. 

A great advantage with an SBR compared to 
a continuous flow reactor is that the ammonia 
concentration change can be measured online 
with just one sensor. The oxidation process is 
completed when the ammonia concentration 
approaches zero. 

From a control point of view, there is an even 
more attractive way to determine the phase length 
of the oxidation in the reactor. A DO control 
system will serve the same purpose in an SBR as 
in a continuous flow reactor. Now it is assumed 
that the DO is to be kept constant during the 
oxidation phase. In the beginning, the oxygen 
uptake rate is high. Consequently, the required 
airflow rate is high. As the reaction goes toward 
completion the required airflow rate will decrease 
gradually and when the ammonia has been oxi¬ 
dized then the air flow demand will no longer 


decrease but will approach a constant low value. 
This behavior can determine the end of the oxida¬ 
tion phase. 

If the phase length of an SBR is controlled by 
a timer, as in open loop control, then the comple¬ 
tion of the reaction cannot be guaranteed. As 
a result, many SBR operations are made with 
a safety margin. This means that the ammonia 
level approaches zero well before the end of the 
oxidation phase. This of course will cost money, 
both in terms of energy and - more important - in 
terms of lower plant capacity. 

Control of Denitrification 

In the denitrification process nitrate is converted 
into free nitrogen gas. The denitrification process 
is a reduction process and is performed by hetero- 
trophic microorganisms, denitrifiers. They are the 
same type of organisms that use oxygen to oxidize 
organic matter when oxygen is present. Conditions 
in which oxygen is not present are called anoxic. 
Under such conditions the heterotrophic organisms 
can convert organic matter and nitrate into 
free nitrogen, carbon dioxide, and increased body 
mass. 

Nitrification and denitrification cannot take 
place at the same time, since the former is aerobic 
and the latter is anoxic. Treatment plants are there¬ 
fore designed to allow these processes to occur 
either in different places (as in a continuous flow 
system) or at different times (as in a sequential 
batch reactor). 

The concentration of dissolved oxygen also gov¬ 
erns the denitrification process, and the denitrifica¬ 
tion rate will be hindered by any oxygen present, as 
illustrated in Fig. 5. Therefore, it is extremely impor¬ 
tant to prevent oxygen from entering the anoxic 
process. Oxygen can accidentally enter such an envi¬ 
ronment via the surface of water, via recirculated water 
from the aerobic process tanks or from filter back- 
washing. 

The denitrification requires not only nitrate but 
also easily degradable organic matter. Therefore, it 
must take place where the organic matter is 
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present. Since the inlet water contains a high con¬ 
centration of organic matter the denitrification can 
paradoxically be placed before the nitrification. 
From the outlet of the nitrification process, 
nitrate-rich water is recirculated into the anoxic 
reactor. 

First, consider a plug flow like anoxic process with 
continuous flow. The concentration of nitrate will 
decrease along the reactor and should approach zero 
toward the end of the anoxic reactor. The outlet con¬ 
centration can be measured with a nitrate sensor. As in 
the aerobic system, if the concentration approaches 
zero well before the outlet, then there is an overcapac¬ 
ity. In this case, the control action is different than for 
the aerator. 

If the nitrate concentration in the anoxic reactor 
has approached zero before the outlet, then the 
recirculation flow rate of nitrate-rich water can be 
increased until the nitrate concentration approaches 
zero close to the anoxic reactor outlet. In this way, 
the capacity of the anoxic reactor can be increased. 
Similarly, if the nitrate concentration is too high 
at the outlet of the anoxic zone then too much 
nitrate-rich water has been recirculated and the 
recirculation flow rate must be decreased. More 
details are found in [8]. 

Nitrate sensors are commercially available today, 
so a control system using this information can be 
readily installed. The setpoint of the controller is 
simply the desired nitrate concentration value close 
to the anoxic reactor outlet. The control signal is 
connected to the speed controller of the recirculation 
pump. 

In a sequential batch reactor, the phase length of the 
denitrification can be readily controlled. A single 
nitrate sensor can measure the nitrate concentration. 
When it approaches zero the anoxic phase is com¬ 
pleted. More results on phase length control in SBR 
systems are found in [9]. 

The redox potential (oxidation-reduction poten¬ 
tial, ORP) contains certain distinctive features that 
can be used for denitrification control. Denitrifying 
activity has been found to decrease with an increased 
redox potential that corresponds to an increased 
oxygen concentration. The relationship between 


denitrifying activity and the redox potential has 
been found to be more or less linear. However, dur¬ 
ing transient conditions the relationship may be far 
from linear. There can be a distinct change in the 
slope of the redox when the nitrate has been 
consumed, but there is much debate about the effi¬ 
ciency of this measurement, especially under tran¬ 
sient conditions. However, a lot of results have been 
reported, see [10]. 

Monitoring 

To track the current process operational state via 
the instrumentation is called monitoring. Monitoring 
has to start with the validation of measurement 
data. Even reliable instrumentation can fail during 
operation, which can have serious consequences if 
the instrumentation is used in closed loop control. 
There are many data screening methods that should 
be applied, see [1, 2]. Missing data have to be 
detected, limits of the signal amplitude and its 
rate of change should be tested, and outliers 
should be identified. If a signal is expected to be 
constant then the variability of the signal can give 
information. Deviations of the signals larger than 
±2a and ±3a from the mean should be noted. 
It is obvious that deviations large than 3 a ought 
to be observed carefully and suitable operations 
have to be implemented. 

In some cases, it is possible to perform cross- 
validation on measurements from more instru¬ 
ments if any correlation is expected, [1, 11]. If the 
confidence in a measurement decreases, it may be 
possible (on a short-term basis) to use an estimated 
value, but eventually control must be set to a default 
scheme until confidence in the measurement has been 
restored. 

In a sophisticated treatment plant there is a huge 
data flow from the process. More instrumentation and 
new instrumentation development will further provide 
more data. Unlike humans, computers are infinitely 
attentive and can detect abnormal patterns in plant 
data. The capability of computers to extract patterns 
(useful information) is rarely utilized beyond simple 
graphing. Information technology is not commonly 
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used to encapsulate process knowledge, that is, knowl¬ 
edge about how the process works and how to best 
operate it. Process knowledge is typically built up 
from the experience of operators and engineers but all 
too often disappears with them when they leave. If 
process knowledge can be encapsulated, then not only 
is it retained but the computer can also assist decision¬ 
making in plant operation. The potential of substantial 
operator support for diagnosis and for corrective 
actions is there and has been demonstrated, but it 
needs to be adopted by the water and wastewater 
industry. 

The early detection and isolation of faults in the 
biological process are very effective because they allow 
corrective action to be taken well before the situation 
becomes unfavorable. Some changes are not very obvi¬ 
ous and may gradually grow until they become 
a serious operational problem. 

Most signals are corrupted by noise, coming 
either from the instrument itself or from the 
process. Such noise should be eliminated and signal 
processing offers many methods, both simple and 
sophisticated. A simple moving average is often 
used, but more sophisticated methods can offer 
much better possibilities to extract information 
from a noisy signal. 

There are many variables that are not directly 
measured but still of great interest. Here two exam¬ 
ples, oxygen uptake rate and nitrification rate, are 
discussed. 

The oxygen uptake rate (OUR) is a function of the 
biological oxidation of both organic matter and of 
ammonia nitrogen. It is obvious that the OUR has 
a major influence on the DO mass balance in the 
water, and an increase of the OUR must be compen¬ 
sated by an increase in the airflow rate. From 
a simple mass balance of DO the OUR can be calcu¬ 
lated from the airflow rate, the oxygen transfer 
rate (from gaseous to dissolved oxygen), and from 
the DO concentration. This makes it possible to 
track the activity of the organisms in the biological 
reactor [2]. 

The reaction rate can be readily calculated in an 
SBR. Having just one ammonia analyzer makes it pos¬ 
sible to track the ammonia concentration as function of 
time. From this information, it is possible to calculate 
the rate of change of ammonium. This in turn 


can inform the operator about the performance of 
the nitrification. Full-scale experiences are reported 
in [12]. 

Plant Wide Control 

There are several driving forces that motivate the chal¬ 
lenge to integrate all wastewater operations in 
a drainage area. From a European perspective the 
need for integrated modeling and control has increased 
dramatically by the EU-Water Framework Directive, 
which forms a basis for water policy for the EU and 
associated countries. It focuses strongly on ecological 
criteria and strategic integrated management. The sys¬ 
tem boundaries are extended to include river manage¬ 
ment at a basin scale as well as point-source and 
diffuse-source pollutions. A new set of integrated and 
harmonized tools supporting the intention of the WFD 
is required. 

Instrumentation, control and automation (ICA) 
play an important role for the integration and con¬ 
cepts like integrated control, system-wide control, and 
plant-wide control are often mentioned. Both the 
sewer system and the wastewater treatment plant 
(WWTP) have an impact on the receiving water. 
Combined sewer overflows (CSOs) as well as the 
wastewater treatment effluent will influence the 
quality of the receiving water, the former at dis¬ 
continuous events and the latter on a continuous 
basis. Here the concept of plant-wide control is 
defined as the combined sewer and WWTP control 
and operation. The objective is to make maximum 
use of the system capacity in order to meet large 
disturbances, where the ultimate purpose is to 
minimize the combined load to the receiving 
water. 

For the sewer the goal is to minimize the 
amount of CSO. The aim of the control of the 
WWTP is to satisfy the effluent requirements while 
minimizing the operational costs [2]. During storm 
conditions, these goals may be difficult to reach. It is 
obvious that the control of the sewer system - iso¬ 
lated from the WWTP operation - will lead to 
suboptimal solutions. If the goal of the sewer opera¬ 
tion is to minimize the CSO, the WWTP may soon be 
overloaded. The result of such an overload is firstly 
a short-term impact due to the increased effluent 
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pollution. Then a possible washout of organisms may 
cause a long-term impact by making the WWTP 
operation less efficient during an extended period of 
time. 

In order to implement plant wide control, the inter¬ 
actions between the system parts and their dynamic 
characteristics have to be understood. This includes 
choosing the best locations of sensors and actuators, 
which is the basis for the control structure. ICA has 
a large impact on integrated operation and compro¬ 
mises have to be made when integration of different 
unit operations is getting realized. Modern plant com¬ 
puter systems allow a wide distribution of control but 
this is not always met by corresponding control 
structures. 

Integration aims at minimizing the impact on the 
receiving water, while ensuring a better resource utili¬ 
zation. The system resilience is an important factor. 
This includes its ability to attenuate disturbances, but 
should also reflect its sensitivity to major disturbances 
or even purposeful and harmful attacks. In the inte¬ 
grated approach, the ultimate goal is to formulate some 
criterion for the receiving water and its ecological qual¬ 
ity while satisfying various economic and technical 
constraints. There is a great challenge to relate this 
performance to the plant effluent and possible sewer 
overflow. Performance measures of the plant operation 
that relate effluent quality to the resources that are 
needed to obtain it, such as energy, chemicals, and 
other material and operating costs, are needed. This is 
not yet solved satisfactorily, but promising research is 
in progress, such as [13]. Models are getting developed 
to find strategies to dynamically find maximum 
WWTP loading according to continuous monitoring 
and prediction of the operational state. Another aspect 
is storage management (in the sewer system and in 
retention tanks), not only during storms but also dur¬ 
ing normal operations. By mixing different types of 
wastewater to compensate, for example, for nutrient 
deficit or overload the capacity of the plant can be 
maximized. 

All integration means some kind of compromise. 
This is apparent and integrations at various levels 
have been applied for a long time. If there were no 
interactions, then the individual optimization of each 
subprocess would be the best strategy. Having cou¬ 
plings in reality means that an integrated approach is 


better than if each one of the processes were controlled 
separately. Another way to phrase the compromise is to 
call it a multi-criterion index: Various performances 
have to be weighted and compared with each other. 
This is a common approach in integrated water man¬ 
agement [14]. The idea is illustrated with some 
examples: 

• The interaction between the aerator and the settler 
is a classical integration problem, reflected in the 
compromise that has to be done in return sludge 
flow rate control. 

• The anoxic zone in a pre-denitrifying plant inter¬ 
acts closely with the nitrifying aerator. Oxygen- 
rich water is recirculated from the aerator to the 
anoxic zone. The DO level has to 
be a compromise between sufficiently good 
nitrification and denitrification. This has been 
discussed in Control of Biological Oxidation and 
Control of Denitrification. 

• Recycle streams interconnect various parts of 
a treatment plant. As noted in Incentives for Con¬ 
trol, supernatants from the sludge treatment are 
most often highly concentrated in nutrients and 
have to be synchronized in time with the plant 
influent load. 

• The target for the sludge production is not the 
same in different plants. Sometimes the target is 
to maximize the biogas production, at other 
plants the sludge production needs to be 
minimized. 

• In the combined sewer and WWTP operation, the 
individual system operations are sometimes in con¬ 
flict, so the overall goal of minimizing the load to 
the receiving water has to overrule the individual 
goals [14]. 


Future Directions 

ICA will play an increasing role in wastewater 
treatment systems. It has been noted that the intro¬ 
duction of ICA can increase the capacity of 
a treatment plant, both a continuous flow system 
and a sequential batch reactor system. To meet 
future environmental and efficiency demands it is 
needed to increase the integration of plant design 
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and operation. Today, most often the ICA is added 
to an already existing design, which often leads to 
insufficient performance. 

The instrumentation development will favor 
more implementations of control systems and lead 
to more consistent and economical operation of the 
treatment plants. Furthermore, the actuator equip¬ 
ment has to get more attention. Variable speed con¬ 
trol is a proven technology today, but often not 
observed by the designers. Furthermore, efficient 
design of pumps and compressors is a prerequisite 
for economic operation of the plants. 

Today most design is based on safety factors for the 
operations and the disturbances to the plant. There is 
a clear ambition to gradually make the design more 
model based, where various risk factors can be taken 
into consideration. This will result in a better coupling 
between design and operation. 

Plant wide control still needs to be developed. 
More stringent energy consumption requirements 
will be one driving force for this development. In 
Plant Wide Control, the compromise of sludge pro¬ 
duction was mentioned. A wastewater treatment plant 
not only consumes electrical energy. It can also pro¬ 
duce energy as biogas in the anaerobic digestion. This 
will immediately require a compromise between the 
biological oxidation and the anaerobic digestion. The 
organic matter in the influent is needed to some 
extent for the nitrification and the denitrification. 
However, in order to maximize the biogas production 
as much organic matter as possible should bypass 
the aerobic oxidation and be forwarded to the 
digester. Thus, a plant size production planning will 
be required. 

Today many of the unit processes in the wastewater 
treatment plant can be controlled, but methods and 
criteria need to be further developed to achieve the 
integration of unit processes within the plant and to 
further integrate the plant into an urban water treat¬ 
ment system. 
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Glossary 

Activated sludge process A biological method of 
wastewater treatment that is performed by a vari¬ 
able and mixed community of microorganisms in 
an aerobic aquatic environment. 

Biodegradation The reaction processes mediated by 
microbial activity. 

Endocrine disrupting compounds (EDCs) An exog¬ 
enous agent that interferes with the synthesis, secre¬ 
tion, transport, binding, action, or elimination of 
natural hormones in the body, which are responsi¬ 
ble for the maintenance of homeostasis, reproduc¬ 
tion, development, and/or behavior. 

Hydrophobicity The physical property of a molecule 
that is repelled from a mass of water. 

Membrane bioreactor (MBR) The combination of 
a membrane process like microfiltration or ultrafil¬ 
tration with a suspended growth bioreactor. 

Micropollutant Pollutant, which exists in very small 
traces in water. 

Sludge retention time (SRT) An operational parame¬ 
ter, which measures how long the sludge can remain 
in a reactor. 

Sorption The action of absorption or adsorption. 

Water reclamation The various treatment systems 
and their process trains, which further treat the 
used water for different reuse purposes. 


Definition of the Subject 

Endocrine disrupting compounds (EDCs), sometimes 
known as “hormonally active agents” or “endocrine 
modulators,” are micropollutants with the potential 
to elicit negative effects on the endocrine systems 
of humans and wildlife and are emerging as a major 
concern for water quality. In the past few decades, 
more and more chemicals were monitored as the 
source of estrogenic activity in wastewater and the 
primary sources of estrogenic activity in wastewater 
were found to be natural estrogens such as estrone, 
17(3-estradiol and estriol, and synthetic compounds 
like 17a-ethinylestradiol, alkylphenols, and alklphenol 
ethoxylates. EDCs are either partially retained in the 
sludge, or metabolized to a more hydrophilic but still 
persistent form, and discharged consistently from the 
wastewater treatment plant into the receiving waters, 
thereby causing endocrine disrupting effects to aquatic 
organisms even at very low concentrations (ng/L). 
As conventional processes are not able to fully 
and systematically eliminate EDCs to a satisfactory 
level, membrane bioreactor (MBR) is considered as 
a promising technology in water reclamation to achieve 
further removal of EDCs due to specific design charac¬ 
teristics (such as high sludge age, high biomass con¬ 
centration, and complete particle and microorganism 
retention). The MBR, which integrates biological pro¬ 
cess with membrane filtration, is an effective water 
reclamation process developed for recent decades 
and surpasses the limitations of the conventional acti¬ 
vated sludge process. Therefore, with respect to the 
wastewater reclamation and reuse, elimination of 
EDCs in wastewater is typical state-of-the-art applica¬ 
tion of the MBR technology. 

Introduction 

There is a growing concern worldwide for the potential 
effects of endocrine disrupting compounds (EDCs). 
These EDCs can mimic or modulate the action of 
a particular natural hormone in human and wildlife. 
They can also attach onto receptors intended for 
a particular hormone, interfering and altering the nor¬ 
mal binding of the hormone to its receptors. 

Many adverse health and environmental problems 
are found to be linked to EDCs. Colborn et al. [1] 
observed various disturbing consequences relating to 
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the alteration and interference of endocrine functions 
in humans and wildlife. These effects of EDCs depend 
on several factors such as its type, dosage, and exposure 
duration. The adverse effects caused by EDCs have 
raised concerns pertaining to the levels of EDCs present 
in the environment. To facilitate the excretion of 
urine, the female body primarily excretes estrogens in 
a biologically inactive form as sulfate and glucoronide 
conjugates, which may exist in the influents and efflu¬ 
ents of sewage treatment plants (STPs) [2] . Others have 
also reported that estrogenic activities are present in 
sewage and treated effluents [3, 4]. These treated efflu¬ 
ents are often discharged into surface water bodies such 
as rivers, seas, or lakes, to which humans and wildlife 
are often exposed. 

EDC concentrations in treated effluents are suffi¬ 
cient to induce vitellogenin biosynthesis in male fish 
[5], alterations of endocrine reproductive systems, 
decreased fertility and growth, poor hatching, egg 
shell thinning and abnormal thyroid function for 
birds, reptiles, and mammals [6, 7], and malformations 
of newborns, undescended testicles, abnormal sperm, 
low sperm counts, abnormal thyroid function, breast 
cancer, testicular prostate cancer for humans [8-10]. 
A classic example is the feminization of male fish like 
trout downstream of sewage treatment plant in some 
areas of England and the USA [5, 11]. 

The EDCs present in the sewage can be categorized 
into two main groups, namely, estrogens and 
alkylphenols. The predominant estrogens can be 
subdivided into natural estrogens and synthetic 
estrogens. Natural estrogens such as estrone (El), 
17(3-estradiol (E2), and estriol (E3) are present in the 
human excreta whereas synthetic estrogens such as 
17a-ethinylestradiol (EE2) can be found in contracep¬ 
tives. Alkylphenols like bisphenol A (BPA) and 
nonylphenol (NP) are released from manufacturing 
industries. Natural estrogens, i.e., E2 and El, are effec¬ 
tive at the nanogram per liter level [12, 13], while most 
other EDCs are biologically active at the microgram 
per liter level. For example, levels reported to affect 
fish were in the range of 1-4 ng/L for EE2 [14, 15], 
1-10 ng/L for E2, and 1-10 pg/L for alkylphenol in 
vitro [16], and in vivo [13]. 

To investigate whether the effluent of most STPs 
contains EDCs and whether these EDCs lead to the 
above effects, several investigators have attempted to 


quantify the concentrations of those compounds in the 
effluent of municipal or industrial STPs. The steroid 
estrogens reportedly ranged from 3 to 9 ng/L for El 
[4, 17], 0.1 to 5 ng/L for E2 [18, 19], and 0.1 to 9 ng/L 
for EE2 [4, 17, 20], and 4-NP and BPA were detected in 
the effluent at levels from 0.16 to 0.36 pg/L [21]. 

It is clear that STPs are not able to treat the waste- 
water to a satisfactory level. As a result, methods to 
improve their removal efficiency should be explored. 
Membrane bioreactor (MBR) is an attractive option 
mainly due to its improved effluent quality. Holbrook 
et al. [22] studied a membrane bioreactor pilot plant 
and a STP receiving the same domestic wastewater. The 
influent 17(3-estradiol equivalent concentration (EEQ) 
was 16.25 ng/L, while the effluent EEQ was 4.5 ng/L for 
MBR and 7 ng/L for STP, on average. It showed that the 
MBR achieved a higher reduction in EEQ concentra¬ 
tions than the conventional treatment system. 

MBR system is a biological treatment process that 
combines with membrane separation process in order 
to biologically treat wastewater and physically separate 
solid and liquid in an integrated step. The integra¬ 
tion of biological water treatment with its filtration 
across porous membranes, driven by a pressure dif¬ 
ference, was first applied for the separation of activated 
sludge by a membrane and its recycling to the aera¬ 
tion tank [23]. Its technological and economical effi¬ 
ciency (including the decrease in the membrane 
cost) have improved steadily since, allowing for more 
practical applications. Subsequently, MBR has been 
extensively adopted from the mid-1990s for the treat¬ 
ment and reclamation of municipal and industrial 
wastewaters. 

Application of membrane separation techniques for 
biosolid separation can overcome the disadvantages of 
the sedimentation tank and biological treatment steps. 
The membrane offers a complete barrier to suspended 
solids and yields higher quality effluent. The outstand¬ 
ing merits of MBR over the conventional activated 
sludge systems include excellent quality of treated 
water, small footprints, complete solid-liquid separa¬ 
tion, high biomass concentration, prolonged sludge 
ages, less sludge production, and better process reliabil¬ 
ity in the bioreactor [24, 25]. The main advantage of 
MBR system is a complete retention of the biomass 
within the bioreactor as separation is achieved via 
membrane filtration. Thus, MBR can be operated 
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at much higher biomass concentrations providing a 
higher biological activity per volume. A very long 
sludge retention time (SRT) can also be maintained, 
allowing for the establishment of a more diverse com¬ 
munity with broader physiological capabilities. This 
feature is of particular importance for EDCs, which 
usually need high biomass and long periods for their 
complete biological degradation/transformation to 
harmless products. 

It is generally agreed that MBR performs better than 
conventional STP for biological removal of bulk 
organic matter. Yet, the fate of EDCs during MBR 
treatment and the mechanisms relevant for their 
removal are much less documented. This article 
reviews the removal of EDCs during wastewater recla¬ 
mation applying MBR and STP, as well. Biodegradation 
of EDCs is discussed as a major mechanism, as well as 
their removal by sorption onto sludge. 

Endocrine Disrupting Compounds 

General Characteristics of EDCs 

Natural estrogens El, E2, and E3 have an aromatic 
A ring, basic Cl8 skeleton estrane and no carbon 
side-chain at Cl7 (Table 1). These are composed of 
the four rings: a phenol, two cyclohexanes, and 
a cyclopentane. The difference in the compounds 
within the Cl8 group lies in the configuration of the 
cyclopentane ring (ring D) at positions Cl6 and Cl7. 
For example, El has a carbonyl group on Cl7, E2 has 
a hydroxyl group on Cl7, and E3 has two hydroxyl 
groups on Cl6 and Cl7. Hydroxyl and carbonyl func¬ 
tional groups make them capable of participating in 
hydrogen bonding as a proton donor or proton accep¬ 
tor species. Table 1 shows the physical and chemical 
properties and the biological potency of estrogens. 
From the octanol-water partition coefficient (log 
Kq W ) values, El and E2 are considered to be more 
hydrophobic than E3. The estrogenic activity of E2 
is much stronger than El and E3 as revealed by the 
results of yeast assay [27] and feminization of male 
fishes [28]. 

The synthetic estrogen EE2, which is used for estro¬ 
genic deficiencies treatment and oral contraceptive pill, 
has lower solubility and is somewhat more hydropho¬ 
bic than the other steroid estrogens (log Kqw values 
shown in Table 1). The major difference between EE2 


and the natural estrogens is the long persistence in 
the environment with a dissipation time in the order 
of 20-40 days in river systems [29] . Also, EE2 is known 
as an extremely potent estrogen, and its strong 
estrogenicity was shown in both in vitro and in vivo 
studies [15]. 

Estrogens are usually released from conjugated 
forms with glucuronide (G) and/or sulfate (S) groups 
linked to the H in the -OH group of the steroid ring. It 
is known that most of estrogen conjugates exist in 
influent and effluent of STP with high frequency for 
both glucuronide and sulfate estrogens. However, the 
conjugated estrogens have low estrogenic potency com¬ 
pared with the parent compounds [30]. 

BPA and NP are widely used in a variety of indus¬ 
trial and residential applications and stimulate produc¬ 
tion of the biomarker of estrogenic activity, 
vitellogenin, in male fish [31-33]. BPA and NP usually 
possess similar endocrine disrupting activities due to 
phenyl ring in their chemical structures. 

BPA is a monomer utilized to manufacture poly¬ 
carbonate plastic and epoxy resins. It is a moderately 
water-soluble compound (300 mg/L at 20°C) and dis¬ 
sociates in an alkaline environment (pXa 9.9-11.3). 
Numerous toxicological and biochemical studies have 
confirmed that BPA has estrogenic properties and an 
agonistic effect toward the estrogenic receptor. 
Estrogenicity of BPA was first reported in 1936 by 
Dodds and Lawson and subsequently identified as 
a result of studies on the release of estrogenic material 
from autoclaved polycarbonate flasks [34]. The estro¬ 
genic activity of BPA is less potent than that of E2 in in 
vitro assays [34-36]. However, the results of in vivo 
studies on the estrogenicity of BPA are conflicting in 
terms of the effective dose. 

NP is a chemical substance with a phenolic ring and 
an attached lipophilic linear nonyl chain or, more usu¬ 
ally, branched nonyl group. 4-NP, in which the side 
chain is attached to the carbon directly opposite the 
hydroxyl group, is the most common member of NP 
family. NP is a hydrophobic compound with a log Kq w 
of 4.5 and low solubility in water. This exhibits minor 
estrogenic potency. In stimulating estrogenic activity, 
NP was 1,000-100,000 times less potent than E2. In 
vitro studies showed that NP could activate the estro¬ 
gen receptor with a potency of 5,000-7,000 times lower 
than that of E2 [37]. 
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Water Reclamation System and Micropollutants. Table 1 Physicochemical properties and estrogenic activity of 
estrogens 


EDCs 

Chemical structure 

Molecular 

weight 

(g/mol) 

Water 
solubility 
at 20°C 
(mg/L) 

Log K ow 

E2 relative 

potency 

(YES) 

E2 relative 

potency 

(E-screen) 

Estrone (El) 

o 

H 3 c m 

fl H [ H 

270.4 

13 

3.43 

0.38 

0.01-0.096 

17(3-Estradiol (E2) 

OH 

h 3 c i 

"l h| H 

272.4 

13 

3.94 

1.0 

1.0 

Estriol (E3) 

OH 

H 3 C ¥ 

f| j H | H 

288.4 

13 

2.81 

0.024 

0.1-0.25 

17a-Ethinylestradiol 

(EE2) 

OH 

!^cj^= ch 

h| H 

296.4 

4.8 

4.15 

1.19 

0.91-1.0 

Bisphenol A (BPA) 

X 

,0, 
o—o — o 

0 

o 

X 

228.0 

300 

3.40 

1.0 x 10^ 5 

1.26 x 10 -5 

Nonylphenol (NP) 

0H C9H19 

220.0 

5.43 

4.48 

1.7 x 10 -4 

7.8 x 10^ 5 


Source : Teske and Arnold [26] 

Estrogenic potencies from yeast estrogen screen (YES) bioassay data and/or the E-Screen bioassay 
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Occurrence of EDCs and Their Conjugates in 
Aquatic Environment 

The presence of EDCs in the environment has become 
a concern because they may interfere with the repro¬ 
duction of man, livestock, and wildlife. So far, 
a number of studies have reported the occurrence of 
EDCs in measurable concentrations (ng/L or pg/L) in 
wastewater, surface water, groundwater, and even 
drinking water. Various reported concentrations for 
major EDCs in these different aquatic environments 
are listed in Table 2. The highest concentrations of 
EDCs have been observed in wastewaters. Some studies 
showed a very wide distribution of EDCs with some 
sporadic occurrence [17, 44, 45, 54, 65]. The levels of 
natural EDCs appear to be much higher than those of 
synthetic estrogen EE2. In the studies, El was detected 
frequently with high concentrations in effluent of STPs 
[17, 55, 68, 69] . In some cases, EE2 has been reported to 
more frequently occur in the effluents of STPs with 
concentrations ranging from <5 to 178 ng/L [54]. 
Obviously, alkylphenol chemicals are present at much 
greater concentrations than estrogens in aqueous envi¬ 
ronmental samples. Some research exceptionally 
showed that natural and synthetic estrogens as well as 
alkylphenols can be detected in drinking water samples 
at pg/L or ng/L levels [40]. 

From Table 2, it can be seen that the EDCs pass 
through STPS without being completely removed and 
remain with fluctuating concentrations in effluent. 
These discharges from STPs may be the main reason 
for the wide distribution and occurrence of EDCs in 
surface waters, ground waters, and even in drinking 
waters. In particular, concentrations of some EDCs 
such as El are higher in effluent than in influent 
[17, 68, 69], probably due to microorganism-induced 
transformation (e.g., from E2 to El). Incomplete 
removal and degradation of EDCs by existing STPs 
not only results from the fluctuation of EDC levels in 
the influent, but the processes of the STPs, and as well 
as operational conditions [70]. 

A number of past studies have shown the estrogenic 
activity in STP effluents using fish or other biological 
assay systems [12, 71]. In the study carried out by 
Purdom et al. [12], EE2 could induce vitellogenin 
(VTG) in male rainbow trout at concentration as low 
as 0.1 ng/L. In addition, Routledge et al. [13] concluded 


from the dose-response curves in male rainbow trout 
that the threshold response for VTG production prob¬ 
ably occurred between 1 and 10 ng/L for E2, and 
between 25 and 50 ng/L for El, respectively. Indeed, 
alkylphenols can have estrogenic effects in fish at con¬ 
centrations from 1 to 10 pg/L [13, 14]. Jobling and 
colleagues [14] showed that these chemicals were also 
estrogenic in fish, and therefore might be partially 
responsible for the estrogenic effects (e.g., intersexual¬ 
ity) observed in wild fish. Recent report on VTG induc¬ 
tion by 4-NP demonstrates the presence, in different 
fish species, of a lowest observed effect concentration 
identifiable by the range of 10-20 pg/L NP [72]. From 
these findings, it is emphasized that EDCs that are 
present in sufficient quantity in treated as well as raw 
wastewater may be discharged with effluents into 
receiving waters to produce estrogenic effects. 

Treatment of EDCs in Conventional Sewage 
Treatment Plants 

Since EDCs have been identified and quantified in 
a wide variety of environments associated with munic¬ 
ipal or industrial STPs effluents, the removal of these 
substances in these treatment plants is becoming an 
increasingly important environmental issue world¬ 
wide. The activated sludge process is commonly used 
to treat wastewater in the world. There are many 
research data suggesting that the activated sludge 
STPs can remove EDCs during treatment, although its 
conventional purposes are the removal of bulk organic 
substances from wastewater. The removal perfor¬ 
mances for EDCs in activated sludge STPs are in a 
wide range. The removal occurs mainly through sorp¬ 
tion by sludge and subsequent biodegradation [73]. 
Johnson et al. [74] reported that the activated sludge 
processes could remove 74% of El and 88% of E2. 
Baronti et al. [17] also reported that the removal rates 
of El, E2, E3, and EE2 from wastewater in activated 
sludge STPs were 61%, 87%, 95%, and 85%, respec¬ 
tively. In the Brazilian activated sludge STPs, El, E2, 
and EE2 were eliminated up to 83%, 99.9%, and 78%, 
respectively [75]. Moreover, efficiencies over 90% have 
been reported for El, E2, and EE2 in activated sludge 
STPs [68, 76]. Johnson and Sumpter [73] have 
reviewed the literature on the fate of EDCs in activated 
sludge STPs. They suggested that the activated sludge 
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Water Reclamation System and Micropollutants. Table 2 Occurrence of EDCs in various aquatic environments at levels 
of ng/L 


Wastewater 

EDCs Raw Treated Surface water Groundwater Drinking water 


El 

25-132 [17] 

2.5-82 [17] 

<0.1-3.4 [38] 

ND a -120 [39] 

0.2-0.6 [40] 

44 [41] 

17 [41] 

0.2-6.6 [42] 

ND-4.5 [43] 

29-670 [44] 

Nd-72 [44] 

< 03-72 [45] 

ND-1.6 [46] 

19-78 [47] 

1-96 [47] 

5-12 [48] 

20-130 [45] 

<0.3-11 [45] 

1.4-12.9 [49] 

ND-18.3 [50] 

ND-6.7 [50] 

<17-38 [51] 

57.8-83.3 [52] 

6.3-49.1 [52] 

ND-7.4 [53] 

4-33 [54] 

0-147 [54] 

ND-4.6 [46] 

230-510 [55] 

ND[55] 

1.1-3.0 [56] 

E2 

4.0-25 [17] 

0.35-3.5 [17] 

<0.3-5.5 [38] 

ND-45 [39] 

0.2-2.1 [40] 

11 [41] 

1.6 [41] 

0.6-1.0 [42] 

6-66 [57] 

2.6 [58, 59] 

35-125 [44] 

ND-30 [44] 

<0.8-1.0 [45] 

13-80 [60,61] 

ND-2.6 [53] 

2.4-26 [47] 

0.2-14.7 [47] 

2-6 [48] 

ND-0.79 [46] 

17-150 [45] 

<0.8 [45] 

ND-8.8 [49] 

22.0 [62] 

0.95 [62] 

<0.7-1.7 [51] 

ND-161.6 [52] 

ND-5.4 [52] 

1.6-15.5 [63] 

0-11 [54] 

0-158 [54] 

ND-3.8 [53] 

E3 

24-188 [17] 

0.43-18 [17] 

2-5 [48] 

ND-0.16 [46] 


72 [41] 

2.3 [41] 

ND-3.3 [49] 

23-48 [48] 

ND-1 [48] 

ND-3.1 [64] 

23-660 [44] 

ND-275 [44] 

ND-1.7 [53] 

138-381 [65] 

<1-4.9 [65] 

ND-1.9 [46] 

2-22 [54] 

0-29 [54] 

1.0-2.5 [56] 

EE2 

0.40-13 [17] 

ND-1.7 [17] 

<0.1-4.3 [38] 

ND-0.94 [46] 

0.15-0.5 [40] 

4.9-7.1 [56] 

2.7-4.5 [56] 

<0.3-0.4 [45] 

<03-5.9 [45] 

<0.3-2.6 [45] 

ND-1 [48] 

3-70 [44] 

ND-5 [44] 

5.7-30.8 [63] 

<0.7-14.4 [65] 

<0.7-4.1 [65] 

0.1-5.1 [40] 

ND-1.2 [52] 

ND-0.6 [52] 

ND-4.6 [53] 

0-2 [54] 

0-178 [54] 

1.1-2.9 [56] 
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Water Reclamation System and Micropollutants. Table 2 (Continued) 



a Not detected 


process can consistently remove over 85% of E2, E3, 
and EE2, but the removal performance for El appears 
to be less and is more variable. Slightly lower removal of 
El is probably due to the conversion E2 to El during 
the treatment and the cleavage of estrogen glucuro- 
nides and sulfates (e.g., E1-3G and E1-3S) [41, 77, 
78]. In addition to estrogens, removal of BPA and NP 
by activated sludge STPs has been reported at different 
degrees in the literature [45, 48, 50, 65, 79]. In partic¬ 
ular, a very wide range of the removal efficiency, from 
10% to 99% for BPA and 33-93% for NP, is found in 
the references by Drewes et al. [65] and Clara et al. [79] . 
Their removal rates in activated sludge process were 
reported to be dependent on the applied sludge reten¬ 
tion time or the mass load to plant. 

It is known that natural estrogens initially excreted 
by humans are mainly in sulfate or glucuronide conju¬ 
gates (e.g., E1-3S, E2-3G, E3-17G, etc.), and then they 
are changed to free estrogens. Glucuronide estrogens 
were reported easily changed to their free estrogens 
while sulfate estrogens were more recalcitrant to bio- 
transformation [65, 77, 80]. D’Ascenzo et al. [65] 
reported that estrogen glucuronides spiked into waste- 
water from a septic tank at 25 pg/L were lost with half- 
lives of ~6 h and the loss of estrogen sulfates proceeded 


much slower with half-lives of 2.5 days. Although 
estrogen conjugates are biologically less active, they 
are potential sources of active estrogens due to disso¬ 
ciation in STPs or as a result of the input of untreated 
wastewater directly into surface water. D’Ascenzo et al. 
[65] examined the fate of estrogen conjugates in acti¬ 
vated sludge STPs and observed that E2-3G, E3-16G, 
and E2-3S were completely removed while a fraction of 
E1-3G (0.7 ng/L), E1-3S (9 ng/L), and E3-3S (2.2 ng/L) 
with relatively lower removal rate passed through the 
treatment system. Lower elimination of E1-3S in acti¬ 
vated sludge STPs was also reported in a study by 
Reddy et al. [2]. 

In the literature on the fate of EDCs in activated 
sludge STPs, reported removal percentages for EDCs 
most often exceed 80%. However, in spite of the con¬ 
siderable removal rates, the low levels of EDCs that are 
being discharged in the final effluents of activated 
sludge STPs may still provoke estrogenic effects in fish 
and other aquatic organisms. It is generally agreed that, 
in most cases, the estrogens and alkylphenols will not 
be completely eliminated in activated sludge STPs. So, 
there is a need for further investigation on treatment 
processes to achieve EDC concentrations in effluent 
below estrogenic limits. 
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Removal of Endocrine Disrupting Compounds in 
Membrane Bioreactor Systems 

General Aspects of MBRs 

Membrane processes are regarded as key elements of 
advanced wastewater reclamation and reuse schemes. 
MBR is a promising process combination of activated 
sludge treatment and membrane separation. The bio¬ 
reactor is operated similar to a conventional activated 
sludge process but without the need for secondary 
clarification and tertiary steps like sand filtration. 
MBR process is generally performed using low-pressure 
membranes such as micro filtration (MF) or ultrafiltra¬ 
tion (UF) that are capable of displaying a barrier effect 
based on size exclusion, with pore size ranging between 
50 and 10,000 nm (MF) and 1-100 nm (UF) [81]. MF 
and UF membranes assist activated sludge process in 
MBR. Suspended solids and microorganisms responsi¬ 
ble for biodegradation are separated from the treated 
water by a membrane filtration. Although direct phys¬ 
ical sieving effect of micropollutants generally of 
molecular weight lower than 400 g/mol is of minor 
importance due to the relatively large pore sizes of 
MF and UF membranes, hydrophobic substances tend 
to accumulate onto the sludge, and therefore, they are 
removed from the effluent. 

The membranes can be placed in the external circuit 
of the bioreactor (known as external MBR) or they can 
be submerged directly into the bioreactor (known as 
submerged MBR). The membranes are usually of flat 
sheet or hollow fiber configuration if placed inside the 
bioreactor, or multi-tube if placed outside it. In case of 
the external MBR configuration, the mixed liquor is 
circulated to a membrane module that is outside the 
bioreactor, where pressure drives the separation of 
water from the sludge. The concentrated sludge is 
then recycled back into the reactor. For the submerged 
MBR configuration, a suction force is applied to draw 
the water through the membrane, while the sludge is 
retained on the membrane surface. Membranes act in 
the aeration basin as filter and improve the biological 
treatment of the effluent. A manifold at the base of the 
reactor diffuses compressed air within the reactor, pro¬ 
viding oxygen to maintain aerobic conditions. The air 
bubbles also function to scour the membrane surface 
and clean the exterior of the membrane as they rise in 
the reactor. The submerged configuration is more 


commonly used for wastewater reclamation than the 
external configuration because it is less energy consum¬ 
ing and less detrimental for the biomass [82]. 

MBR treatment of municipal wastewater yields 
high-quality water with reported removal percentages 
of 95%, 98%, and 99% (or greater) for chemical oxygen 
demand (COD), biochemical oxygen demand (BOD), 
and suspended solids (SS), respectively [83]. This is 
primarily ascribed to the absolute barrier provided by 
the membrane but can also be improved by the micro¬ 
biology. Factors such as high biomass concentration and 
long sludge ages or SRT could be correlated with the 
high performance of wastewater treatment. Generally, 
due to the complete retention of biomass via membrane 
filtration, MBR is operated at much higher mixed liquor 
suspended solids (MLSS) concentrations, ranging from 
8 to 25 g/L or even more [24, 84, 85], which provide 
a high biological activity per unit volume. A longer SRT 
can also be maintained. The sludge age in MBRs is 
mostly in range of 20-50 days and occasionally more 
than 100 days in small MBRs where almost no sludge 
removal may occur [86] . The prolonged SRT operation 
favors the growth of slowly growing specialized micro¬ 
organisms, which are able to remove slowly degradable 
components in the reactor [87]. In a MBR, SRT can be 
controlled independently from hydraulic retention 
time (HRT), enabling MBR operation at high SRT 
and low HRT. The lower HRT allowable for MBR 
treatment may be a benefit of the higher biomass con¬ 
centrations and be further supported by the fact that 
most of the biomass in an MBR occurs in freely 
suspended form [88]. This provides easier access for 
substrates as compared to bacteria aggregated into floes 
that prevail in conventional activated sludge [89]. Due 
to the higher MLSS concentrations at a constant vol¬ 
ume load, food to microorganism (F/M) ratio is usu¬ 
ally lower in MBR. Stephenson et al. [24] reported that 
F/M ratio of MBR is in the range of 0.05-0.15 kg COD/ 
kg MLSS-d. A lower F/M ratio results in substrate 
limitation and may force microorganisms to metabo¬ 
lize poorly degradable compounds [88]. This is one 
explanation why removal of poorly degradable pollut¬ 
ants may be superior in MBR systems and why this can 
be achieved at lower HRT. Studies on MBR note less 
sludge production. Bouhabila et al. [90] reported less 
sludge production ranging of 0.2-0.34 kg MLSS/kg 
COD removed in MBR as compared with 0.3-0.5 kg 
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MLSS/kg COD removed in conventional activated sludge 
process. It has been shown that sludge production is 
greatly decreased as sludge age increases [89,91] . Lower 
F/M ratio and longer sludge age in the MBR are gener¬ 
ally used to explain this lower production rate. 

It is likely that biomass composition and structure 
in an MBR is considerably different from a conven¬ 
tional activated sludge. In the literature, the floe size 
distribution of MBR sludge and conventional activated 
sludge is reported to be 10-100 pm in membrane 
bioreactors and 100-500 pm for conventional sludge 
[92, 93]. Ng and Hermanowicz [94] recently showed 
that the MBR biomass was composed of smaller, 
weaker, and more uniform-sized floes and higher frac¬ 
tion of dispersed microorganisms compared to the 
conventional activated sludge. The smaller floes from 
MBRs could stimulate a higher oxygen and/or carbon 
substrate mass transfer and thus higher activity levels in 
the system. The presence of much higher amount of 
non-flocculating microorganisms could contribute to 
poorer sludge settling but better organics removal in 
the MBR. Zhang and coworkers [92] also found that 
nitrification activities in MBR processes averaged 2.28 g 
NH 4 -N/kg MLSS-h, which was greater than in con¬ 
ventional processes (0.95 g NH 4 -N/kg MLSS-h). 
Many studies have proven that MBR can operate as 
a high-rate nitrifying technology that can be applied 
in the nitrification of wastewater containing a high 
concentration of ammonia nitrogen [95]. 

MBR process has obvious advantages over the con¬ 
ventional activated sludge processes, e.g., excellent efflu¬ 
ent quality, small footprint, less sludge production, and 
flexibility of operation, and becomes a promising alter¬ 
native for wastewater treatment. Drawbacks of MBR 
operation under high MLSS concentration include 
limitations in oxygen diffusion leading to increased aer¬ 
ation cost, mass transfer limitation, and membrane 
fouling, which may require frequent membrane cleaning 
[96]. High solid concentrations may have an influence 
on sludge viscosity, so affecting the circulation of 
bulk sludge and the shear stress at the filtration cake 
surface [97]. 

MBR Performance in Removal of EDCs 

It is clear that conventional processes in STPs are 
not able to eliminate EDCs to a satisfactory level. 


As a result, methods to minimize the discharge of 
those compounds should be explored. MBR is an 
attractive option due to the potential for increased 
endocrine disruptor removal. Holbrook et al. [22] 
studied the EEQ (which is the total concentration of 
estrogenic active compounds in an environmental sam¬ 
ple normalized to that of natural estrogen E2, deter¬ 
mined by yeast estrogen screen bioassay) in one pilot- 
scale MBR and two full-scale STPs receiving the same 
domestic wastewater and showed that MBR removes 
estrogenic activity more effectively than STPs. The 
MBR showed a 73% removal of estrogenic activity 
from domestic wastewater, which was 10-15% greater 
than the two STPs examined [22]. A recent study also 
reported that the MBR has relatively good performance 
in the removal of estrogenic activity compared to STP 
[98]. The overall estrogenic activity of MBR effluents 
was in the range of 0.75 =b 0.44 to 1.24 zb 0.22 ng EEQ/L 
for pilot-scale plant and 1.60 it 0.93 to 1.70 ± 0.56 ng 
EEQ/L for lab-scale system. Those are comparable to 
those of other effluents, e.g., 2.9 ng EEQ/L from the 
STP located in Cobis, Italy [17] and 2.5 ng EEQ/L from 
Penha, Rio de Janeiro [75], especially lower than the 
values of 10.5 ng EEQ/L from the STP in Frankfurt/ 
Main, Germany [75], and the 6 ng EEQ/L reported by 
Korner et al. [21]. The observed decrease in overall 
estrogenicity in MBR may be caused by its process 
intensification through high biomass concentration. 

Estrogenic activity is removed with degradation 
and/or transformation of the parent estrogen com¬ 
pound. There have been some studies on the fate and 
removal efficiency of EDCs in MBR systems. Reports 
on EDCs removal by MBRs are listed in Table 3. The 
literature data suggest that MBR has good removal 
capacities for EDCs, although removal efficiencies dif¬ 
fer from different reports. In a study by Joss et al. [68] 
on removal of El, E2, and EE2 in various municipal 
STP and MBR, the results show comparable removal of 
EDCs in the MBR (96% for El, >98% for E2, and 
>75% for EE2) and in three conventional activated 
sludge systems (49-99% for El, 88-98% for E2, and 
71-94% for EE2). For El and E2, degradation activity 
was seen to be higher in the MBR sludge than in the 
conventional activated sludge by a factor of 2-3. They 
explained this difference in activity by the longer sludge 
age (30 days in MBR vs. 12 days in STP) and smaller 
floe size (10-100 pm in MBR vs. 100-500 pm in STP). 
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Water Reclamation System and Micropollutants. Table 3 Summary of some studies on fate and removal efficiencies of 
EDCs in MBR systems 


EDCs 

MBR 

Operating factor conditions 

Removal (%) 

Effluent 

concentration 

(ng/L) 

References 

El 

Submerged; MF-UF 

SRT = 30 days; MLSS = 0.22-0.29 g/L 

96 

2.4 ± 0.5 

[68] 


External; UF 

SRT at 10°C = 22,40, 82 days; HRT = 0.5-4 d; 
MLSS = 6.3-11.8 g/L 

27.6-100 

ND a -21 

[44] 


Submerged; UF 

SRT = 40 day; MLSS = 10-15 g/L 

NA b 

ND-1.2 

[99] 

E2 

Submerged; MF-UF 

SRT = 30 day; MLSS = 0.22-0.29 g/L 

>98 

<0.5 

[68] 


External; UF 

SRT at 10°C = 22,40, 82 days; HRT = 0.5-4 d; 
MLSS = 6.3-11.8 g/L 

95.2-100 

ND-6 

[44] 


Submerged; MF 

MLSS = 2.7-3.5 g/L; pH - 4.3-8.0 

98-100 


[100] 


Submerged; UF 

SRT = 40 days; MLSS = 10-15 g/L 

NA 

ND-1.1 

[99] 

E3 

External; UF 

SRT at 10°C = 22,40, 82 days; HRT = 0.5-4 d; 
MLSS = 6.3-11.8 g/L 

99.7-100 

ND-1 

[44] 

EE2 

Submerged; MF-UF 

SRT = 30 day; MLSS = 0.22-0.29 g/L 

>75 

<0.5 

[68] 


External; UF 

SRT at 20°C = 11,20,40 days 

60-70 

1-3 

[101] 


External; UF 

SRT at 20°C = 11,20, 40 days 

25-80 

NA 

[102] 


External; UF 

SRT at 10°C = 22,40, 82 days; HRT = 0.5-4 d; 
MLSS = 6.3-11.8 g/L 

33.3-100 

ND-4 

[44] 


Submerged; MF 

MLSS = 2.7-3.5 g/L; pH = 4.3-8.0 

60-70 

NA 

[100] 


Submerged; UF 

SRT = 40 day; MLSS = 10-15 g/L 


0.9-1.6 

[99] 

BPA 

External, UF 

SRT at 20°C = 11,20,40 days 

97-99 

NA 

[102] 


External; UF 

SRT at 10°C = 22,40, 82 days; HRT = 0.5-4 d; 
MLSS = 6.3-11.8 g/L 

92.7-99.3 

16-158 

[44, 79] 


Submerged; MF 

MLSS = 2.7-3.5 g/L; pH = 4.3-8.0 

50-100 

NA 

[100] 


Submerged; MF 

HRT = 6 h; MLSS = 13.6 g/L 

97.5 

1.22 

[103] 


Submerged; UF 

SRT = 40 day; MLSS =10-15 g/L 

NA 

2.5-12.6 

[99] 


Submerged; MF 

SRT = 350 d; HRT = 4-8 h; MLSS = 5-13 g/L 

>93.7 

<0.08 

[104] 

NP 

External, UF 

SRT = 10, 27, 55 days; HRT = 0.5-4 d; 

MLSS = 6.3-11.8 g/L 

85-91 

297-482 

[79] 


Submerged; MF 

HRT = 6 h; MLSS = 13.6 g/L 

>98 

<0.88 ng/L 

[103] 


Submerged; MF 

HRT = 10 h; MLSS = 11-20 g/L 

96 

<2 ng/L 

[104] 


a Not detected 
b Not available 


In their study, MBR sludge is characterized by higher 
specific surfaces. Clara et al. [44] also showed that high 
removal rates (80-100%) could be achieved for El, E2, 
E3, EE2, and BPA in MBR systems operating at 


different SRTs. They noted that although high removal 
rates could be achieved in conventional STP operating 
at high SRT, the MBR allows achieving high SRT within 
a compact reactor, resulting in higher volumetric 
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reaction rates as compared to the conventional STP. 
Zuehlke et al. [105] studied the performance of two 
MBR pilot plants (hollow fiber polyvinylidene fluoride 
membrane modules with pore size of 0.2 pm and 
membrane area of 9 m 2 ) operated in parallel to a full- 
scale STP fed with the same raw municipal sewage. 
More than 90% of El and E2 and about 80% of EE2 
were removed by the conventional STP, respectively. 
Removal rates could further be improved by MBR; El 
and E2 were removed up to 99% and EE2 up to 95%. 
Especially for EE2, in most cases, its concentrations in 
MBR effluents were reported to be below or approxi¬ 
mately 1 ng/L. Using a pilot-scale MBR, Spring et al. 
[99] found that MBR was more efficient at removing 
El, EE2, and BPA to low ng/L levels than STP receiving 
the same wastewater. Concentrations found in the 
MBR effluents ranged between ND-1.2 ng/L (0.6 ng/L) 
for El, 0.9-1.6 ng/L (1.1 ng/L) for EE2, and 2.5- 
12.6 ng/L (5.6 ng/L) for BPA, while those in STP efflu¬ 
ents were 0.9-2.9 ng/L (1.6 ng/L) for El, 1.0-2.7 ng/L 
(1.6 ng/L) for EE2, and 3.5-15.8 ng/L (8.7 ng/L) for BPA, 
respectively. 

Some studies focused on the removal of BPA and 
NP from wastewater during MBR treatment [103-105, 
107]. Both substances were reported to be removed to 
a large extent by MBR treatment. In a study of Schroder 
[103], the elimination BPA and NP in MBR treatment 
was 97.8% and >98%, respectively. Concentrations of 
BPA and NP observed in the MBR effluents were 1.22 db 
0.10 pg/L and below the detection limit of 0.88 ng/L, 
while those in the conventional STP effluents were 
4.63 =b 1.51 pg/L and 0.92 ± 0.11 pg/L, respectively. 
Chen et al. [104] studied the removal efficiencies of 
BPA at different BPA sludge loadings. The results 
showed BPA removal efficiency in MBR higher than 
94% and that MBR could effectively remove BPA 
despite the changes in sludge loadings of BPA ranging 
from 0.046 to 10.2 g/kg-day. Using a lab-scale MBR, 
Gonzalez et al. [105] found that MBR treatment could 
eliminate nonylphenolic compounds with an overall 
efficiency of 94%, which represented significant 
improvement in comparison to the STP treatment 
where only 54% of the total nonylphenolic compounds 
were removed. Cirja et al. [108] performed a study 
aimed at giving a better insight into the possible fate 
of NP during wastewater treatment by using a lab-scale 
MBR designed and optimized for fate studies carried 


out with radiolabeled compounds. The mass balance of 
NP residues at the end of the study showed that 42% of 
the applied radioactivity was recovered in the effluent 
as degradation products of NP, 21% was removed with 
the daily excess sludge from the MBR, and 34% was 
recovered as adsorbed in the component parts of the 
MBR. A high amount of NP was associated to the 
sludge during the test period, while degradation com¬ 
pounds were mainly found in the effluent. 

Recently, the fate of EDCs and their conjugates was 
investigated in 3 pilot-scale and 2 lab-scale MBR sys¬ 
tems [98]. Pilot-scale MBRs, where the membranes 
were submerged directly into anoxic and aerobic bio- 
reactors, were at SRT of 21 days and HRT of 6 h. Lab- 
scale MBRs were operated at different SRTs (17 and 
33 days) with schematic diagrams similar to the pilot- 
scale MBR. The concentrations of estrogens and con¬ 
jugates, as well as their removal efficiencies, in the 
various MBR systems are shown in Table 4. The high 
removal rate of El (80.2-91.4%) in MBR systems, 
compared to 61 ± 38% [17] and around —80% [78] 
in STPs reported in literature, means that El could 
be eliminated very fast, even though El can be pro¬ 
duced in the MBR systems by oxidation of E2 or 
deconjugation of estrogen conjugates. While compared 
with the removal rate of E2 of 64% [75] and 85% [41] 
by STPs, E2 removal efficiency in this study (49.3- 
63.1%) was relatively low. The low concentration of 
conjugates in the MBR effluents, which had a maxi¬ 
mum concentration of 27 ng/L, suggested that a major¬ 
ity of steroid conjugates was removed in the MBR 
process by various bacteria stains in the activated 
sludge. The fecal bacteria Escherichia coli , which exists 
in large quantities in the feces, is able to synthesize 
large amounts of the (3-glucuronidase enzymes [109], 
and it has been suggested to be responsible for the 
removal of estrogen glucuronides after treatment. 
Lurthermore, Johnson and Sumpter [73] suggested 
that the activated sludge containing arylsulfatase 
enzyme could achieve desulfation. It is however clear 
that substantial amounts of El, E1-3S, E1-3G, and 
E2-G still passed through the treatment system and 
entered the aquatic environment. Therefore, it is inad¬ 
equate to be concerned with only free estrogens in 
the effluent of treatment plants, as conjugates can be 
converted to free estrogens further downstream in the 
receiving water. 
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Source: Hu et al. [98] 

a Not detected; Figures in brackets indicate median value 
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It is clear that the removal rates of E1-3G (62.4- 
84.9%), E2-G (55.1-80.4%), E1-3S (10.1-48.3%), and 
E2-3S (80.2-100%) were lower than those reported by 
D’Ascenzo et al. [41], which were 84%, 100%, 64%, 
and 100%, respectively, in STPs (Table 4). The low 
removal rates of estrogen conjugates may be caused 
by two reasons. First, the relatively short HRT of the 
MBR systems (6 h) compared with STPs did not allow 
enzymes sufficient time to degrade conjugates in the 
MBR process, as both glucuronides and sulfates are 
difficult to convert. Reported half-lives are 6 h for 
estrogen glucuronides and 2.5 days for estrogen sulfates 
[41]. Second, all MBRs were operated with pre¬ 
denitrification zones, which may have decreased the 
biodegradation rate of the compounds of concern. 
Moreover, the extremely low removal rate of E1-3S 
could be caused by its slow biotransformation and 
conversion from E2-3S or other parent conjugates. 

As shown in Table 4, for alkylphenol compounds, 
BPA was removed well with a removal efficiency of 
68.9-90.1%, but 4-NP concentration was amplified 
(removal efficiency of—439.5% to —161.1%) in almost 
all MBR systems, as compared with that of influents. 
This indicates that 4-NP could be produced from par¬ 
ent compounds in the MBR systems. 

In general, an enhanced degree of EDCs removal 
has been discoverable for MBRs. However, in the com¬ 
parative study on removal of EDCs by MBR and con¬ 
ventional STP, no significant differences between the 
removal efficiencies in the conventional STP and the 
MBR have also been observed. In a study of Lesjean 
et al. [110], for instance, high removal rates (>80%) 
could be achieved for less polar EDCs (El, E2 and EE2), 
which represents only a slight improvement since the 
STP treatment commonly yields elimination of 
75-95%. The comparative study of Clara et al. [101] 
also showed similar elimination of EE2 in MBR and 
STP systems, with removal rates of 60-70%. The EE2 
degradation is more likely linked to the activity of 
nitrifying bacteria present in biological treatment pro¬ 
cess [111-113]. In a study of Urase et al. [100], the 
removal of E2 by MBR was always recorded to be high 
(^100%) regardless of pH, while the removal of BPA 
was low (~50%) in the acidic pH condition (4.3-5.0). 
A considerable part of E2 was converted to El and 
a part of converted El remained in the MBR effluent. 
Weber et al. [114] report that E2 turnover rates to El 


did not differ greatly between conventional STP and 
MBR sludge. For BPA and NP, high elimination rates 
(>90%) could be achieved in both STP and MBR [79]. 
Especially in STP, degradation of alkylphenolic com¬ 
pounds appears to be a function of the operated SRT. 
Clara et al. [79] observed no removal of BPA and NP in 
the high-loaded STP operating at SRT between 1 and 
2 days. The removal rate can vary depending on the 
operating characteristics of STP (i.e., plant size, SRT, 
HRT, temperature, influent concentration, and adapta¬ 
tion time), although high removal rate can be achieved 
in a well-operated STP. On the other hand, despite 
achieving a better elimination, operating problems 
such as bad sludge characteristics and foam formation 
in MBR systems can affect the variation in effluent 
concentrations of EDCs [115]. However, MBR pro¬ 
cesses could cope much better with the fluctuations in 
the influent concentrations of EDCs, despite the low 
sludge age [ 106] . Furthermore, due to the higher diver¬ 
sity of microorganisms in MBR, the acclimating pro¬ 
cedure of sludge to EDCs such as BPA in MBR would 
require less time than in conventional STP [104]. 

MBR is generally shown to be more effective in 
removing EDCs than conventional STP, although con¬ 
tradictory results are documented in literature. There¬ 
fore, the MBR gives room for expectation that with this 
alternative wastewater reclamation, the environmental 
risk associated with EDCs can be reduced. This is 
probably because, first, MBR is operated under longer 
SRT that may facilitate additional biological transfor¬ 
mation of EDCs. Second, because of the higher biomass 
concentrations, MBR is operated under the low F/M 
ratio, which could result in more complete mineraliza¬ 
tion of poorly degradable organic compounds. Third, 
the membrane (MF or UF) serves as a complete barrier 
to the estrogen-bound solids or colloids. Finally, an 
additional removal of hydrophobic compounds by 
membranes can be expected, because they are sorbed 
onto the particles that form a deposition layer on the 
membrane surface. These characteristics are generally 
not provided in STPs. 

Mechanisms of EDCs Removal 

The mechanisms of EDCs removal is currently one 
important focus of research, because several mechanisms 
may exist through which MBRs achieve a better 
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elimination of EDCs than STP. Considering low values 
of vapor pressure of most of the EDCs, stripped fraction 
removed by volatilization can be neglected [85]. Since 
MF and UF membranes applied in MBR have a pore 
size between 100 and 10,000 times larger than the 
physical size of EDCs (molecular weight lower than 
300 g/mol), direct physical retention by the membranes 
is of minor for EDCs. In MBR, EDCs can sorb to solids 
and subsequently be separated from the treated water 
by MF or UF. In addition, EDCs can be biodegraded 
after an association with the biomass in the MBR. 
Therefore, the removal of EDCs in MBR system is 
commonly achieved by sorption on solids, biodegrada¬ 
tion, or a combination of both. 

Sorption Estrogens and their conjugates can be sorbed 
to biomass before appreciable degradation occurs. 
Andersen et al. [116] reported that the sum of sorbed 
El and E2 to sludge ranged from 7.8 to 13 pg/kg. Ternes 
et al. [117] also reported that up to 37 pg/kg of El 
and 49 pg/kg of E2 sorbed onto sludge. In a study for 
the evaluation of EDCs on MBR sludge [98], the levels 
of sorbed El, E1-3S, E2-3S, BPA, and 4-NP were 
up to 10.42, 18.32, 2.52, 34,350, and 68,800 pg/kg, 


respectively (Table 5). However, no estrogen glucuro- 
nides could be detected on MBR sludge. Although 
natural estrogen sulfates are relatively hydrophilic, 
the sorbed amounts are comparable to that of El. It 
can be seen that generally the amount of 4-NP sorbed 
onto the sludge solids is more than that of BPA sorbed 
onto the sludge solids (Table 5). This maybe due to the 
fact that 4-NP has a higher log Kq w and lower aqueous 
solubility, so 4-NP is more likely to be adsorbed onto 
sludge solids. 

Sorption of organic micropollutants to the sludge 
in treatment plants depends on two main mechanisms 
[118]: absorption and adsorption. Absorption is the 
hydrophobic interactions of the aliphatic and aromatic 
groups of a compound with the lipophilic cell mem¬ 
brane of the microorganisms and with the lipid frac¬ 
tion of the sludge. Adsorption is the electrostatic 
interactions of positively charged groups of the 
chemicals with the negatively charged surfaces of the 
biomass. Absorption is related to the substance’s 
lipophilicity, characterized by the Kq W . Adsorption is 
related to the tendency of a substance to be ionized or 
dissociated in aqueous phase, which is characterized by 
the dissociation constant (plCa). 


Water Reclamation System and Micropollutants. Table 5 Amounts of natural estrogens and conjugates sorbed to the 
sludge in MBR systems 




E1-3S 

E2-3S 

BPA 

4-NP 

Anoxic (pg/kg) 

Pilot-A 

ND a -9.70 (6.80) 

ND-11.91 (3.44) 

ND-0.31 (0.22) 

0.47-14,460 (2,070) 

7,245-13,600 (10,220) 

Pilot-B 

ND-6.40 (5.64) 

ND-14.68 (4.36) 

ND-1.92 (0.97) 

0.55-34,350 (2,620) 

ND-4,610 (3,010) 

Pilot-C 

ND-8.11 (5.62) 

ND-11.21 (3.48) 

ND-0.23 (0.16) 

0.01-8,480 (4,250) 

ND-4,600 (3,627) 

Lab-17d 

ND-7.66 (4.98) 

ND-2.48 (1.11) 

ND-0.28 (0.12) 

1.04-8,460(1,570) 

ND-6,660 (2,800) 

Lab-3 3d 

ND-8.40 (7.38) 

ND-5.78 (2.35) 

ND-1.22 (0.42) 

1.47-10,560 (2,080) 

ND-11,400 (4,000) 

Aerobic (pg/kg) 

Pilot-A 

ND-2.04 (1.40) 

ND-6.21 (4.52) 

ND-0.75 (0.38) 

2.24-1,820 (353.38) 

3020-15,630 (13,380) 

Pilot-B 

ND-3.73 (1.56) 

ND-8.36 (5.16) 

ND-2.52 (1.13) 

0.89-2,000 (221.13) 

278.15-68,800 (16,960) 

Pilot-C 

ND-4.42 (2.24) 

ND-8.21 (4.84) 

ND-0.34 (0.18) 

0.03-1,360 (273.22) 

290.16-56,700 (10,490) 

Lab-17d 

ND-2.42 (1.22) 

ND-5.32 (2.77) 

ND-0.22 (0.12) 

ND-1,190 (157.23) 

ND-9,300 (5,160) 

Lab-3 3d 

ND-10.42 (7.98) 

ND-10.96 (6.21) 

ND-1.96 (0.82) 

ND-1,250 (189.19) 

134.02-18,130 (10,060) 


Source: Hu et al. [98] 

a Not detected; Figures in brackets indicate median value 
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The Kq W value reflects the equilibrium of 
partitioning the organic solute between the organic 
phase, i.e., octanol and water phases. High Kq W is 
characteristic for hydrophobic compounds, poor 
hydrosolubility, and high tendency to sorb on organic 
material of the sludge matrix [85]. Based on the log 
Kow, sorption to sludge is predicted to play an impor¬ 
tant role in the removal of hydrophobic compounds 
from the liquid phase. The following may be used as 
a general guide [85]: (1) log Kq W < 2.5 results in low 
sorption potential; (2) 2.5 < log Kq W < 4.0 yields 
medium sorption potential; (3) log Kq W > 4.0 leads 
to high sorption potential. Generally, the more hydro- 
phobic a chemical substance, the greater the amount 
accumulated in the solid phase, whereas the more 
hydrophilic the chemical, the greater its concentration 
in the aqueous phase. The estrogenic compounds are 
generally characterized by relatively medium hydro- 
phobicity with typical Kqw values between 3 and 5 
(Table 1). The synthetic estrogens, due to their higher 
Kq W can be more easily removed from the water phase 
than the natural estrogens that are characterized by 
lower hydrophobicites. Apart from this, the presence 
of other hydrophobic chemicals present in different 
environments may compete with the estrogens for 
available binding sites in the sorbent [119]. 

A common approach to determine the fraction of 
EDCs sorbed onto sludge is the use of the solid-water 
distribution coefficient (i<C D , in L/kg), defined as the 
ratio between the concentrations in the solid and liquid 
phases at equilibrium conditions (Eq. 1). 


K d = 


^sorbed 
SS ' ^soluble 


(i) 


where C sor b e d is the sorbed estrogen concentration onto 
sludge (pg/L), C so i u bie is the soluble concentration in 
equilibrium with the sorbed concentration, and 55 is 
the sludge concentration (kg/L). Other characteristic 
parameters used to describe the adsorption capacity of 
solids are Kq M and Kq C values. The Kq M (L/kg) relates 
the K d value to the organic matter of the sorbent 
(Eq. 2), whereas the K oc (L/kg) refers to the organic 
carbon content of the sorbent (Eq. 3). 


_ 55 

Kom ~ Kd 'Ws 


( 2 ) 


where VS5 is the volatile sludge concentration (kg/L). 


Kv = K oc -foc (3) 

where/oc is the fraction of organic carbon in the solids. 

With mainly hydrophobic interactions, the K D can 
be estimated from the Kq W (or even better from Kq C ), 
whereas by electrostatic interactions, K D is found 
empirically. The log K D (or log Kq C ) values of several 
EDCs appear to be independent of log Kq W , indicating 
that hydrophobic interaction is not the predominant 
sorption mechanism for EDCs [120]. Besides hydro- 
phobic processes that are taking place, a number of 
other reactions like complex formations with metal 
ions, ion exchange, and hydrogen bindings decide 
about the partition of the organic compound between 
the solid and the liquid phase [121]. Since the organic 
fraction of the sludge (i.e., VSS) is relevant for adsorp¬ 
tion processes [122], MBR sludge can be expected to 
have higher sorption potential as the organic matter 
content is higher compared to the sludge of conven¬ 
tional activated sludge process (CASP). On the other 
hand, both electrostatic and hydrophobic interactions 
can govern estrogens and their conjugate adsorption, 
depending on the properties of the adsorbate such as 
the surface charge and the existence of hydrophobic 
domains [123, 124]. 

Clara et al. [122] investigated sorption behavior of 
E2, EE2, and BPA to sludge. High adsorption potential 
to sewage sludge could be observed for these sub¬ 
stances, with no saturation levels detected. Substances 
with log K d values lower than 2 are negligible for 
adsorption. For substances with log iC D values higher 
than 4, sorption to the sludge is a major removal 
process. In the work by Clara et al. [122], all investi¬ 
gated substances show i<C D values between these bound¬ 
aries and proof to be relevant for this removal pathway. 
Authors also found that the sorption isotherm is linear 
over a concentration range of several orders of magni¬ 
tude. Andersen et al. [125] determined the sorption of 
El, E2, and EE2 to activated sludge. The experimentally 
obtained log K D values were 2.60 (2.44-2.72, 2.68 
(2.45-2.83), and 2.77 (2.65-2.86) L/kg for El, E2, and 
EE2, respectively. Using the experimental f oc (27.7 zb 
0.1%) and K d for the sludge, log Kq C were also deter¬ 
mined to be 3.16, 3.24, and 3.32 L/kg for El, E2, and 
EE2, respectively. The results for log Kq C by Andersen 
et al. [125] are consistent with the data determined by 
Clara et al. [122]. In the work by Ternes et al. [126], 
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log Kn for EE2 was determined to be 2.54 (2.49-2.58) 
L/kg. This corresponds to log Kq C of 2.93 (2.86-3.00) 
L/kg for EE2. In another study, the specific sorption 
coefficients 1C D , Kq M , and Kq C of activated sludge for 
El, E2, and their conjugates were determined [127]. 
The mean values of log K D were 2.78, 2.61, 1.67, and 
1.94 L/kg; log Kq M were 2.96, 2.79, 1.77, and 2.04 L/kg, 
and those of Kq C were 3.31, 3.12, 2.21, and 2.46 L/kg 
for El, E2, E1-3S, and E2-3S, respectively. The sorption 
potential of sludge for a certain estrogen in MBR 
appears to be similar to that of conventional activated 
sludge. In a study of Chen et al. [104], the range of log 
Kn for BPA in MBR sludge was from 2.00 to 2.75 L/kg, 
which was similar to the reported value between 1.89 
and 2.41 [122]. Authors also concluded that that 
although BPA is hydrophobic, the sorption process 
contributed very little to the BPA removal. 

The solution pH affects the solution chemistry of 
the estrogens and estrogen conjugates, the activity of 
the functional groups (carboxylate, phosphate, and 
amino groups) in the biomass as well as the competi¬ 
tion of compounds for the binding site. The effect of 
pH on adsorption of natural estrogens and their con¬ 
jugates by the activated sludge is shown in Table 6 
[127]. The adsorption isotherm of steroid estrogens 
and their conjugates by the activated sludge can be 
described by the Freundlich isotherm. The pH value 
appears to be an important parameter, which affects 
the adsorption capacity. In the work by Chen and Hu 
[127], the sorption capacities of El and E2 to activated 
sludge were the highest at neutral pH, but decreased 
while pH decreased or increased. For both E1-3S and 


E2-3S, sorption capacities were highest at pH 2, 
while lowest at pH 11.5. The lower capacities of El 
and E2 at pH 2 and 11.5 could be due to the competi¬ 
tion of sludge adsorption sites by cations or electro¬ 
static repulsion from particles of similar charges. The 
lowest adsorption capacity of estrogen conjugates at 
pH 11.5 could by caused by electrostatic repulsion, 
and the highest capacity at pH 2 might be due to the 
increased sulfate adsorbability. In another study, pH 
conditions irrelevant for the sorption of El, E2, EE2, 
and BPA were found [128]. The change in pH from 7.0 
to 4.4 has no effect on their K D [128] On the other 
hand, at high pH values, a release of the adsorbed 
fraction to the liquid phase was observed for E2, EE2, 
and BPA in a study of Clara et al. [122]. Desorption 
occurred at pH values in the range of the pKa values 
(10.4 for E2, 10.7 for EE2, and 10.3 for BPA of the 
investigated compounds. 

Experimental data on the sorption behavior of 
EDCs to MBR sludge are very scarce, probably due to 
the difficulties of solid samples analysis. To overcome 
this problem, the use of K D values appears to be a useful 
tool to predict distribution between both phases. How¬ 
ever, an accurate determination of this coefficient is 
required to avoid misunderstandings in the establish¬ 
ment of the mechanism responsible for the elimination 
of a particular compound. 

Biodegradation Biodegradation is an important 
estrogen removal mechanism in both STP and 
MBR systems. Though the degradation pathways are 
still incomplete, estrogenic activity is removed with 


Water Reclamation System and Micropollutants. Table 6 Effect of pH on isothermal constants (KpDrig 1 1/n (m 3 ) 1/n 
g TSS -1 ] and 1/n) of Freundlich model for steroid estrogens and their conjugates 


PH 

El 

E2 

E1-3S 

E2-3S 

K f 

1/n 

K f 

1/n 

K f 

1/n 

K f 

1/n 

2 

0.23 

0.94 

0.11 

1.04 

0.189 

0.863 

0.347 

0.881 

5 

0.26 

1.08 

0.22 

0.96 

0.032 

0.857 

0.064 

0.830 

7 

0.36 

1.05 

0.60 

0.99 

0.022 

0.739 

0.052 

0.736 

9 

0.29 

0.92 

0.26 

0.95 

0.032 

0.810 

0.056 

0.807 

11.5 

0.05 

1.00 

0.04 

1.08 

0.006 

0.742 

0.012 

0.887 


Source: Chen and Hu [127] 
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biotransformation of the parent estrogen compound. 
This deserves further attention when considering the 
fact that sorption only involves a phase shift of the 
pollutants and no degradation or even transforma¬ 
tion. For nonpolar trace organics, in general, sorp¬ 
tion to the biomass and subsequent retention of the 
solids by the membranes will be a major removal 
mechanism. For polar compounds, sorption will be 
limited and elimination can only be achieved through 
biodegradation. 

The biodegradation of micropollutants such as 
EDCs in the sludge phase is described by pseudo- 
first-order kinetic model as given below [68, 129]: 

^ = -k b X ss C (3) 

where dC T /dt is the reaction rate (ng/L-day), C T is the 
total estrogen concentration (ng/L), (L/g-day) is 
the pseudo-first-order rate coefficient for estrogen bio¬ 
degradation, X ss is the concentration of suspended 
solids (g/L), and C is the soluble estrogen concen¬ 
tration (ng/L). The term “first order” refers to the 
direct proportionality of the transformation rate to 
the soluble substance concentration and the term 
“pseudo” refers to its proportionality to the sludge 
concentration [129]. 

Joss et al. [129] have determined biodegrada¬ 
tion kinetic constants (k^) for a large number of com¬ 
pounds with the sludge from CASP and MBR. Based 
on the k h values, three groups of compounds were 
defined according to their susceptibility to bio¬ 
logical degradation: (1) hardly biodegradable with 
/cb < 0.1 L/g-day; (2) moderate biodegradable with 
0.1 < k h < 10 L/g-day; and (3) highly biodegradable 
compounds with k h > 10 L/g-day. The reported k h 
values of El, E2, and EE2 are in the range of 200-300, 
300-800, and 7-9 L/g-day, respectively [129, 130]. 
From the classification scheme, El and E2 are expected 
to be highly biodegraded, whereas partial biodegrada¬ 
tion is predicted for EE2. 

In general, trace organic removal is better in 
MBR than in STP. Yet, the most effective treatment 
option depends strongly on the target compounds 
present in wastewater. In treatment process with 
a combination of different mechanisms (sorption and 
biodegradation) for removal of compounds, the fol¬ 
lowing considerations can be taken into account 


according to the k h and K D (or Kqc) values of a partic¬ 
ular compound [130]: 

• Compounds with high k b and low X D (or Kq C ) 
values are very well transformed independently of 
SRT and HRT. 

• Compounds with low k h and high X D (or Kq C ) 
values are retained in the aerobic reactor by sorp¬ 
tion and significantly transformed when the SRT is 
long enough to accomplish biological degradation. 

• Compounds with high k b and medium X D (or Kq C ) 
values are moderately transformed independently 
of HRT and slightly dependant on SRT. 

• Compounds with low k^ and X D (or Kqc) values are 
not removed nor biotransformed regardless of HRT 
and SRT. 

For instance, El and E2 belong to compounds with 
high /cb and medium Kqc, while EE2 has low &b and 
high Kqc values [68, 131]. Clara et al. [44] showed 
a dependency of the removal of El and E2 on SRT in 
STP and MBR, high removal rates at the prolonged 
SRT. EE2 could be removed at significant rate under 
aerobic conditions at sufficient SRT [68]. Therefore, 
this information would be useful for selection of the 
treatment option for EDCs removal from wastewaters. 

The sludge characteristics are an important factor 
for biodegradation. There are important sludge char¬ 
acteristics that are to be considered for biological trans¬ 
formation of estrogens [129]: (1) diversity of the 
activity of the biomass due to either differences in 
microbial population or the expressed enzymatic activ¬ 
ity, (2) floe size of the sludge for compounds being well 
degraded, and (3) the fraction of active biomass within 
the total suspended solids. Significant differences in 
sludge characteristics have been observed between 
CASP and MBR sludges [44, 47, 68, 93, 94, 129]. 

In the case of MBR, the bioreactor and membrane 
units cannot be regarded as individual unit operations 
because they interact with respect to both biological 
reactions and membrane filtration. High SRT and full 
retention of solid particles on membranes enable bio¬ 
logical adaptation to less biodegradable compounds 
and can promote a wider diversity of the microbiolog¬ 
ical communities, resulting in changes in removal rates 
and efficiencies. Possible changes in the activated 
sludge composition can be used for the establishment 
of “specialized” microorganisms [65]. The membrane 
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not only retains all biomass but also prevents the escape 
of exocellular enzymes and soluble oxidants creating 
a more active biological mixture capable of degrading 
a wider range of organic compounds [132]. In a study 
by Cicek et al. [132], enzymatic activity tests showed 
that (1) overall activity was consistently higher in the 
MBR, (2) both systems produced enzymes specific for 
the degradation of feed chemicals, (3) no enzymes were 
detected in the MBR effluent compared to significant 
amounts in the CASP, and (4) the MBR contained 
more enzymes in the soluble phase than the CASP. 
Data from literature show that higher sludge age, 
often reached in MBRs, may significantly improve the 
removal of specific compounds [133, 134]. For com¬ 
pounds like trimethoprim, and macrolide antibiotics 
azithromycin, erithromycin, and clarithromycin, 
a clear increase in transformation was found at sludge 
ages of 60-80 days [134]. 

A high SRT in a biological process positively affects 
the overall activity of slow growing microorganisms 
(e.g., nitrification). Baek and Pagilla [135] found that 
the high SRT (103 =L 9 days) of MBR system retained 
more active nitrifying bacteria than CASP (SRT 
of 10-15 days). Furthermore, MBR enables nitrifying 
bacteria to develop and persist in the system even 
under short SRTs (2-10 days) [96]. Complete nitri¬ 
fication was demonstrated in MBRs at sludge ages of 
5-72 days [136]. The treatment process configuration 
may affect the removal of estrogens as has been shown by 
significant higher removal rates with nitrifying activated 
sludge [76] . Estrogens removal rates of greater than 90% 
were achieved in MBRs with nitrification and denitrifi¬ 
cation [68]. Vader et al. [Ill] demonstrated the degra¬ 
dation of EE2 by a nitrifying sludge with a high 
ammonium (NH 4 + ) oxidizing activity. Shi et al. [137] 
and Yi and Harper [138] used nitrifying mixed cultures 
to degrade EE2 and suggested that the key enzyme for 
nitrification, i.e., ammonium monooxygenase, could 
mediate an EE2/NH 4 + cometabolism. These authors 
brought forward the concept that nitrifiers initially 
degrade EE2 into intermediates that subsequently 
serve as a substrate for heterotrophic organisms. On 
the other hand, some authors suggested that the pri¬ 
mary mechanism for EE2 degradation is more likely 
linked to the activity of heterotrophic bacteria [139]. 
They suggested that the EE2 removal by axenic cultures 
of ammonia-oxidizing bacteria is only due to the 


abiotic nitration reaction with EE2, governed by the 
high N0 2 -N levels after oxidation of the high NH 4 + - 
N concentrations in batch tests. 

The biomass developed in MBR systems can be 
characterized by smaller floe size with respect to the 
removal efficiency of micropollutants. In CASP, floes 
may reach several 100 pm in size [ 140] . This means that 
the substrate can reach the active sites inside these floes 
only by diffusion, which causes an additional resistance 
and limits the overall reaction rate. Hydrodynamic 
stress in MBRs reduces floe size to approximately 
30-60 pm in immersed systems [92, 141] and 3.5 pm 
in side-stream MBRs [94], and thereby, indirectly 
increases the apparent reaction rate. Smaller floes can 
explain enhanced mass transfer for both oxygen and 
carbon, thus enabling a higher removal rate and more 
adaptability to changes in the influent quality and 
quantity [142]. In another study, it was demonstrated 
that the floes were more active and displayed greater 
species diversity [132]. Furthermore, some enzymatic 
activities increase proportionally to the higher specific 
surface area of MLSS, which is directly related to the 
floe structure [85]. 

SRT has been reported as determinative for biodeg¬ 
radation of micropollutants. Clara et al. [44] suggested 
that a critical value for the sludge age can be deter¬ 
mined. With regard to natural estrogens, a strong cor¬ 
relation between achievable effluent concentrations 
and the SRT 10 o C (temperature corrected SRT) was 
observed [44]. For these substances, a critical value 
was identifiable for the SRT 10 ° C amounting to approx¬ 
imately 10 days, but for EE2, contradictory results were 
obtained and beside the SRT, other influences seem to 
be of importance [44]. These authors concluded that 
for STPs operated at SRTs 10 °c higher than 10 days, low 
effluent concentrations can be achieved for many 
biodegradable micropollutants, which corresponds 
to an SRT required for efficient nitrogen removal. 
On the other hand, at long SRT, the accumulation of 
dead or inactive microorganisms occurs in the MBR, 
and thus affects the sludge activity [93, 143]. Joss et al. 
[129] noted that the slightly lower transformation rate 
constants found in MBR operated at 30-40 days of SRT 
as compared to CASP sludge with 10-12 days of SRT 
operation, may be, caused by the higher inert matter 
accumulation in the MBR sludge. Baek and Pagilla 
[135] suggested that the biomass in the MBR system 
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with longer SRT of 103 dz 9 days was not in a physio¬ 
logical state characteristic for growth due to low sub¬ 
strate per unit biomass. Increasing the SRT beyond 
30 days does not seem to improve the removal for 
micropollutants [130]. An explanation could be in the 
fact that biodegradation of micropollutants is most 
likely performed in a cometabolic manner as the low 
concentrations do not likely sustain growth for specific 
microorganisms, because in this case, the SRT neces¬ 
sary for an efficient biodegradation of the primary 
substrate is the relevant parameter [144]. 

Several researchers have studied the influence of 
initial concentration of EDCs and MLSS concentration 
on EDCs biodegradation performance. Ternes et al. 
[77] reported the behavior and occurrence of E2 and 
E2 glucuronides in aerobic batch experiments with 
activated sludge, and they found that E2 and E2 glucu¬ 
ronides in the ng/mL range were cleaved and elimi¬ 
nated even faster than in the experiments spiked with 
higher concentrations (mg/mL range). More recently, 
Li et al. [145] studied the degradation kinetics of E2 
under different operating parameters in aerobic batch 
experiments by activated sludge, and they found com¬ 
parably that the degradation rate with higher initial 
concentration was faster by making use of first-order 
model. In another study, it was demonstrated that the 
biodegradation of E2 and its conjugates depends on the 
initial concentration and MLSS concentration of acti¬ 
vated sludge [127]. There was a clear trend that the 
degradation rates of E2, E2-3G, and E2-3S generally 
increased with the increase of initial concentration 
range from 10 to 200 pg/L at MLSS of 4 g/L. It suggests 
that the higher initial substrate concentration has more 
stimulatory effect on the microorganisms in activated 
sludge. This could be explained by the reason that the 
degradation intermediates of E2 or its conjugates did 
not compete for the degradation by relatively high 
biomass concentration (4 g/L) with studied compound 
itself, and the inhibitory effect was unnoticeable. The 
same tendency was also reported by Li et al. [145], in 
which they used sludge (MLVSS of 1.75 g/L) to degrade 
E2 with initial concentration of 10, 30, and 50 pg/L. 
Chen and Hu [127] also found that MLSS concentra¬ 
tion has a great effect on the degradation rates of E2 
and its conjugates. Results showed that the biodegra¬ 
dation rates of E2 in the initial concentration of 50 pg/L 
increased with the increase of MLSS concentration of 


activated sludge from 4 to 12.5 g/L. This could be 
explained by more microorganisms and bacterial pop¬ 
ulation in activated sludge at higher MLSS concentra¬ 
tion that would carry out the degradation of E2 and its 
conjugates more effectively. 

Future Directions 

The reclamation and reuse of treated water imposes as 
the most adequate solution for the future sustainable 
water management. One of the key issues in water 
recycling is the emerging problem of micropollutants 
such as EDCs. Conventional wastewater treatment 
plants are not effective in the complete elimination of 
EDCs and their discharges have a great potential to 
affect the aquatic environment. So far, several studies 
have proved that MBR is able to achieve an enhanced 
degree of EDCs removal from wastewater compared to 
conventional wastewater treatment. However, most of 
research data are still incomplete or inconclusive on: 
(1) the predominant removal mechanism reponsible 
for the respective EDC removal under real MBR pro¬ 
cess conditions, and (2) the understanding of biotrans¬ 
formation pathways of EDCs and their metabolites 
with estrogenic activity during MBR treatment. Within 
these areas, several research topics can be defined. An 
emerging task in MBR process treating EDCs present in 
wastewater is the complete mineralization associated to 
negligible effluent concentrations. It can be achieved 
through the optimization of determinative parameters 
(e.g., SRT, HRT, organic loading, sludge concentration, 
redox conditions, and reactor configuration, etc.) for 
EDCs removal. 

Research into identification of microbial species 
and strains that can degrade estrogens with the possible 
application to wastewater treatment has led researchers 
to explore other areas. Lor instance, using strains of 
Rhodococcus isolated in activated sludge from wastewa¬ 
ter treatment plants, Yoshimoto et al. [146] found 
rapid degradation of high concentration (100 mg/L) 
of natural and synthetic steroid estrogens (El, E2, E3, 
and EE2). Therefore, search for specific microorgan¬ 
isms with high estrogen-degrading activity and their 
use in wastewater treatment deserves further research. 
Introducing estrogen-degrading strains into MBR is 
an interesting option in a way that would provide 
a flexible and efficient degradation. 
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Glossary 

Attenuate To reduce or weaken a pathogen. 

Cultivate The ability of viruses to replicate under ideal 
conditions. 

Enteric virus Viral particle associated with human 
feces. Enteric viruses range in size of 20-80 nm 
and contain RNA or DNA enclosed by a protein 
capsid. 

Environmental stability (microorganism) The abil¬ 
ity of an organism to withstand degradation when 
exposed to environmental factors, such as temper¬ 
ature and sunlight. 

Epidemiology The study of the causes, distribution, 
and patterns of health and illness in a population. 

Gastroenteritis Inflammation of the stomach and 
large and small intestines. 

Genogroup Related viruses within a genus. 

Icosahedral Having a geometric structure that con¬ 
tains 20 identical equilateral triangular faces, 30 
edges, and 12 vertices. 

Open reading frame (ORF) A DNA sequence that 
does not contain a stop codon. ORFs are presump¬ 
tive genes. 

Serotype Distinct antigenic variations within a sub¬ 
group or subspecies of bacteria or viruses. 

Viremia The presence of viruses in the blood spread 
through primary and secondary transmission. 


Definition of the Subject 

Human enteric viruses pose a significant health threat in 
the aquatic environment since they are transmitted via 
the fecal-oral route. Human activities such as faulty 
septic systems, agricultural runoff, urban runoff, sew¬ 
age outfall, and wastewater discharge from vessels are 
ways enteric viruses are introduced into the environ¬ 
ment. There are approximately 140 enteric viruses 
found in humans, and approximately one billion per 
gram of feces where at least 10% of the population can 
shed these viruses at any given time [1] . Enteric viruses 
can be transferred throughout the environment by 
attaching to particulates in groundwater, estuarine 
water, seawater and rivers, estuaries, shellfish grown 
in contaminated waters, and by aerosols emitted from 
sewage treatment plants [2]. The fate of these enteric 
viruses can take many routes, such as rivers, lakes, 
sewage, land runoff, estuaries, and groundwater. 
Humans can be exposed to enteric viruses through 
various routes: crops grown in land irrigated with 
wastewater or fertilized with sewage, shellfish grown 
in contaminated water, sewage-polluted recreational 
waters, and contaminated drinking water. In a water¬ 
borne disease outbreak study between 1946 and 1980, 
water system deficiencies that contributed to these out¬ 
breaks were categorized under five major headings: 

(1) use of contaminated untreated surface water, 

(2) use of contaminated untreated groundwater, 

(3) inadequate or interrupted treatment, (4) distribu¬ 
tion network problems, and (5) miscellaneous [3]. 
Deficiencies in treatment and distribution of water 
contributed to more than 80% of the outbreaks. 

Introduction 

The most commonly studied enteric viruses belong 
to the families of single-stranded RNA viruses 
(ssRNA) [Picornaviridae (enteroviruses, polioviruses, 
coxsackieviruses, hepatitis A virus, and echoviruses), 
Caliciviridae (noroviruses, caliciviruses, and 
astroviruses)], double-stranded DNA (dsDNA) 
[Adenoviridae (adenoviruses)], and double-stranded 
RNA (dsRNA) [Reoviridae (reoviruses and rotavi¬ 
ruses)]. These enteric viruses have cellular and molec¬ 
ular structures that make them resistant to current 
water treatment processes. Emerging enteric viral path¬ 
ogens like Aichi virus (ssRNA), sapovirus (ssRNA), and 


w 





11986 


Waterborne Diseases of the Ocean, Enteric Viruses 


W 


picobirnaviridae (bi-segmented dsDNA) have proper¬ 
ties similar to currently studied enteric viral pathogens 
in that they are non-enveloped, resistant to heat inac¬ 
tivation, stable at low pH, resistant to chlorination, or 
resistant to UV light inactivation [1]. Parvoviruses (the 
smallest known enteric viruses with ssRNA and high 
heat resistance) and polyomaviruses (include JC virus, 
BK virus, and simian virus 40 which are non-enveloped 
dsDNA viruses) can also be considered emerging 
viruses but do not cause acute gastroenteritis as do the 
most commonly studied enteric viruses [4-6]. 

Although enteric virus infections are associated pri¬ 
marily with self-limiting gastroenteritis in humans, they 
may also cause respiratory infections, conjunctivitis, 
hepatitis, and diseases that have high mortality rates, 
such as aseptic meningitis, encephalitis, and paralysis 
in immunocompromised individuals [7]. In addition, 
some enteric viruses have been linked to chronic diseases, 
such as myocarditis and insulin-dependent diabetes [1]. 

Human enteric viruses can be transmitted by water, 
food, fomites, and by human contact. They typically 
have a low infectious dose which makes them an imme¬ 
diate public health concern. In some instances, e.g., 
norovirus infections, the infectious dose can be as little 
as one to ten virions with a secondary attack rate of 
50% [7]. The risk for infection when consuming viral 
contaminated water is at least tenfold greater than that 
for pathogenic bacteria with similar exposures [8] . The 
World Health Organization (WHO) estimates that the 
most common waterborne disease, diarrhea, is respon¬ 
sible for 4.6 billion episodes of diarrhea and causes 
2.2 million deaths worldwide [9]. Enteric viruses in 
water are of particular concern because of the potential 
for contamination from a variety of sources. Because 
significant advances have been made in the area of 
environmental virology, enteric viruses have now been 
recognized as the causative agents in many nonbacterial 
gastroenteritis cases and outbreaks identified in the past 
as of unknown etiological origin [2]. Enteric viruses 
have been detected and linked to many outbreaks 
from contaminated waters and foodstuff [10-12]. 

Enteric Viruses Found in the Environment 

Norovirus 

An outbreak of acute gastroenteritis occurred among 
students and teachers in a school in Norwalk, Ohio, in 


1968 [13]. The initial attack rate had a morbidity of 
50%, and a secondary attack produced a higher rate of 
82% [14]. Nausea and vomiting occurred in >90% of 
those affected, while diarrhea occurred in 38% of those 
affected. The clinical onset of the illness was typically 
12-24 h with duration of 12-60 h. Upon subsequent 
transmission of stool filtrates to human volunteers in 
1972, a small round-structured virus (SRSVs) ~27-nm 
was identified by electron microscopy [15]. Later stud¬ 
ies revealed that other SRSVs morphologically similar 
to NoV caused gastroenteritis, but Norwalk virus 
remained the prototype of these fecal viruses [14]. 
Before the discovery of NoV, most cases of gastroenter¬ 
itis not attributed to bacteria were thought to be 
caused by nonbacterial gastroenteritis [16]. In 1981, 
Greenberg et al. published data proposing that NoV 
might be a calicivirus. In 1993, Jiang et al. provided 
molecular evidence that NoV was a calicivirus with a 
7.6-kilobase (kb) viral genome consisting of a positive 
sense, single-stranded, polyadenylated RNA. The 
genome consists of three open reading frames (ORFs), 
which code for the nonstructural proteins including 
the RNA polymerase (ORF1), capsid protein (ORF2), 
and a minor structural protein (ORF3). Noroviruses 
can be separated into five genogroups (GI, GII, GII, GIV, 
and GV) based on the sequence comparison of the 
RNA polymerase and capsid regions [17, 18]. 

Genogroup I infects humans only, genogroup II infects 
humans and swine, and genogroup IV infects humans 
and canine. Genogroup III infects bovine animals, and 
genogroups V infects mice. Of the five genogroups, the 
classification scheme for the different clusters and 
strains identifies NoV GI containing 8 clusters, GII 
containing 17 clusters, and GIV containing 1 cluster 
(Table 1). Noroviruses have an assigned nomenclature 
where strains are named after the geographic location 
of the outbreak from which they are first described. The 
genogroups and genotypes were characterized and clas¬ 
sified based on the RNA polymerase region and the 
complete capsid gene sequences [17, 18]. To date, the 
most common genogroup implicated in gastrointesti¬ 
nal infections is genogroup II. 

Noroviruses are transmitted primarily through the 
fecal-oral route, consumption of fecally contaminated 
food or water, or by person-to-person contact. There is 
a high rate of secondary infection, and this can occur by 
airborne transmission. Outbreaks commonly occur in 
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Waterborne Diseases of the Ocean, Enteric Viruses. Table 1 Genogroups, clusters, and strains of human norovirus 


Gl 


Gil 


GIV 

Cluster 

Strain 

Cluster 

Strain 

Cluster 

Strain 

4 

ChibaJPNOO 

15 

J23-USA02 

1 

Alpha-NLD99 

5 

MusgroveGBROO 

4 

Bristol-GB93 



2 

SOV-GBR93 

12 

Wortley-GBOO 



6 

Hesse-DEU98 

1 

Hawaii-US94 



1 

NY-USA93 

16 

Tiffin-US03 



3 

DSV-USA93 

5 

Hillingd-GBOO 



7 

Wnchest-GBROO 

2 

Msham-GB95 



8 

Boxer-USA02 

10 

Erfurt-DEUOI 





13 

Faytvil-US02 





17 

CSE1-US03 





6 

Seacrof-GBOO 





8 

Amstdam-NLD99 





9 

VAbeach-USOI 





14 

M7-US03 





7 

Leeds-GBOO 





3 

Toronto-CAN93 





11 

SW918-JPN01 




schools, nursing homes, hospitals, camps, daycare cen¬ 
ters, cruise ships, and any other close community situ¬ 
ation. Because norovirus is not listed as a reportable 
disease to health officials, estimates of the level of 
infection may not be accurate. 

To date, the ability to cultivate norovirus has been 
futile, although several attempts have been made. 
A Duizer et al. study [19] utilized 27 different cell 
lines in an unsuccessful attempt to cultivate norovirus. 
Straub et al. [20] utilized human embryonic intestinal 
epithelial cells (INT-407) with 3-D tissue culture. The 
use of INT-407 cells with 3-D tissue culture appeared to 
be promising as this method provided the closest 
attempt at mimicking the structure of in vivo cells. 
The difficulty with cultivation of norovirus may be 
explained by its specific requirements or receptors 
needed for attachment to cells in order for replication 
to occur. Experiments with recombinant norovirus 
particles and human gastrointestinal biopsies showed 
preferential binding to epithelial cells of the pyloric 


region of the stomach and to enterocytes on duodenal 
villi [19]. Human-specific blood group antigen 
H 1-type expression was shown to be necessary for 
norovirus attachment to the cells, and most routine 
cell cultures lack the characteristics of these specialized 
human intestinal epithelial cells. 

The majority of background information on the 
biological properties of norovirus has been obtained 
through humans who volunteer for human feeding 
studies [21, 22]. Infectivity can only be assessed in 
human dose-response experiments, and the infectious 
dose had been determined to be around ten virus 
genomes [22]. This is very critical when considering 
norovirus survival. Norovirus remains infectious under 
refrigeration and freezing conditions, it survives well in 
the environment, and it is resistant to heat and drying 
conditions. This was demonstrated in an outbreak at 
a long-term care facility where norovirus survived on 
fomites and continued to cause infection 2 weeks after 
the initial peak of illnesses [23]. Norovirus will 
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continue to be a significant health threat worldwide as 
this virus continues to evolve. The lack of a tissue 
culture cell line for effective propagation of norovirus 
will hinder complete understanding of how this virus 
causes infection in addition to decreased progression 
on the development of a productive vaccine. 

Hepatitis A Virus 

Hepatitis A is a non-enveloped RNA virus 27-32 nm in 
diameter. It has an icosahedral symmetry and belongs 
to the genus Hepatovirus of the Picornaviridae family. 
HAV has a positive-polarity single-stranded 7.5-kb 
genome with a single ORF with three distinct regions 
(PI, P2, and P3) [24]. Region PI consists of four 
capsid proteins VP1-VP4. Region P2 consists of 
nonstructural proteins 2A-2C, and region P3 consists 
of nonstructural proteins and virus-specific proteins 
(VPg) [24]. HAV demonstrates a high degree of anti¬ 
genic (amino acid) and genetic (nucleotide) conserva¬ 
tion throughout the genome [24, 25]. Although this 
high propensity for conservation exists, there is still 
enough diversity to define HAV genotypes and sub- 
genogroups [26] . The genomic regions commonly used 
to define HAV genogroups include (1) the C terminus 
of the VP3 region, (2) the N terminus of the VP1 
region, (3) the 168-bp junction of the VP1/P2A 
regions, (4) the 390-bp region of the VP1/P2B regions, 
and (5) the entire VP1 region [26, 27]. A total of six 
genotypes have been identified: genotype 1A, IB, II, III, 
IV, V, and VI. Genotypes I, II, and III are of human 
origin, and IV, V, and VI genotypes are of nonhuman 
primate origin. Genotype I and III are the most prev¬ 
alent genotypes isolated from humans [28]. Because 
there is only one serotype of HAV, individuals infected 
by HAV in one part of the world are protected from 
reinfection by HAV in another part of the world. 

Infections with HAV can produce effects that range 
in severity from asymptomatic to death from fulmi¬ 
nant hepatitis. Infections with HAV are typically self- 
limiting and do not result in chronic liver disease. The 
virus shed in the feces and peak fecal excretion, hence 
infectivity, occurs prior to the onset of symptoms [29]. 
Clinical manifestations can increase with age, and with 
older children and adults, symptoms are typically pre¬ 
sent with jaundice occurring in 70% of those infected 
[29]. An average incubation period is 28 days with 


a range of 15-50 days. Symptoms include gastroenter¬ 
itis, fever, malaise, anorexia, nausea, abdominal dis¬ 
comfort, dark urine, and jaundice, all which may last 
up to 2 months. Chronic liver disease has not been 
shown to persist, although 15-20% of those infected 
may have prolonged or relapsing disease lasting up to 
6 months [30]. Fulminant hepatitis is a rare complica¬ 
tion in HAV infections, only occurring in <1% of those 
infected, with the highest rates occurring in young chil¬ 
dren and elderly adults who may have underlying liver 
conditions [28]. Among those with fulminant disease, 
reported findings demonstrate nucleotide and/or amino 
acid substitutions in the 5' untranslated region, P2 
region, and the P3 region of the HAV genome [28, 31]. 

Cell culture propagation of human and nonhuman 
HAV has occurred in African green monkey kidney and 
fetal rhesus monkey kidney cells [32, 33]. Propagation 
of HAV of human origin is quite different than propa¬ 
gation of other picornaviruses of human origin. HAV of 
human origin requires an extensive adaptation period 
or serial passages before it grows in cell culture, and 
once it has adapted, HAV becomes attenuated as dem¬ 
onstrated by not producing disease in experimentally 
inoculated nonhuman primates [34]. Mutations caus¬ 
ing attenuation in viral nucleic acid could play a sig¬ 
nificant role in the adaptation of HAV in cell culture 
[24, 33]. The attenuated strain HM-175 was adapted in 
cell culture, and this strain is currently used as vacci¬ 
nation agent for HAV [24]. 

HAV is a major cause of acute hepatitis in developed 
countries, while in developing countries, it can be con¬ 
sidered endemic [35] . HAV is transmitted primarily by 
the fecal-oral route, via person-to-person contact, and 
by contaminated food or water, while the other com¬ 
mon hepatitis viruses (hepatitis B and hepatitis C) are 
typically transmitted by blood or body fluids. HAV is 
stable in the environment when associated with organic 
material, and it is resistant to low pH and heating [36]. 
The name “hepatitis” is derived from the fact that HAV 
replicates in the liver and affects the liver. The source of 
the infectious agent, however, cannot be identified in 
approximately 50% of reported hepatitis A cases in the 
U.S., partly because of the long incubation before the 
appearance of symptoms [28]. Because outbreaks of 
HAV can cause considerable morbidity and even mor¬ 
tality, it is imperative that HAV be isolated and identi¬ 
fied as the implicated pathogen. 
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Enterovirus 

Human enteroviruses are members of Picornaviridae 
family and Enterovirus genus. They are icosahedral, 
non-enveloped, with a diameter of 27-30 nm. The 
genome is 7.5-8.5 kb and is composed of single- 
stranded positive polarity RNA. Enteroviruses are fur¬ 
ther divided into the subgenera/species of poliovirus, 
coxsackieviruses, echoviruses, and enteroviruses, and 
they are marked according to their serotypes. The 
poliovirus group consists of three different serotypes. 
Types 1 and 3 are recognized as epidemic, while type 2 
is endemic [37]. Coxsackieviruses consist of groups 
A and B, where the A group contains 24 serotypes, 
and the B group contains six serotypes. In 2003, the 
International Committee on Taxonomy of Viruses clas¬ 
sified Enteroviruses into four groups of species based on 
their molecular properties [38] (Table 2). 

Infections due to enteroviruses are common, caus¬ 
ing a range of disease including pharyngitis and polio¬ 
myelitis. In the United States, it is estimated that 30-50 
million enterovirus infections occur a year, of which 
only 5-15 million are symptomatic [37]. The virus is 
spread by the fecal-oral route and person to person 
through direct contact with secretions of an infected 
individual. The incubation period is usually 3-7 days 
with virus transmission lasting 3-10 days after symp¬ 
toms appear. Replication occurs in the gastrointestinal 
track, but can occur in other tissues, such as nerve and 
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Classification of human enteroviruses 


Groups of 
enteroviruses 

Species of enteroviruses 

Enterovirus-A 

Coxsackievirus A2-8, 10, 12, 14, 16 


Enterovirus 71, 76, 89, 90, 91 

Enterovirus-B 

Coxsackievirus A9 


Coxsackievirus B1-6 


Echovirus 1-7, 9, 11-21, 24-27, 29-33 


Enterovirus 69, 73-75, 77-78, 79-88, 
100-101 

Enterovirus-C 

Coxsackievirus A1,11,13,17-22, 24 


Poliovirus 1-3 

Enterovirus-D 

Enterovirus 68, 70 


muscle [37, 39]. Polioviruses typically infect their host 
by attacking the central nervous system, causing paral¬ 
ysis (poliomyelitis) in infected individuals. The spread 
of poliovirus has been limited by the development and 
use of vaccines. The Sabin trivalent oral live attenuated 
vaccine (OPV) consists of three live attenuated strains 
of 1, 2, and 3 serotypes grown in cell culture. The Salk 
vaccine is a trivalent inactivated polio vaccine (IPV) 
given by injection. The Sabin vaccine has an advantage 
over the Salk vaccine in that it elicits secretory IgA 
antibody production in addition to IgA, IgM, and 
IgG serum antibody production [40]. Coxsackieviruses 
have been associated with respiratory infections, gas¬ 
troenteritis, insulin-dependent diabetes, myocarditis, 
and pericarditis [ 1 ]. Echoviruses are typically less infec¬ 
tious and are usually associated with the common cold 
and other respiratory diseases. The numbered entero¬ 
viruses have not been widely studied, but they are 
generally associated with bronchiolitis, conjunctivitis, 
meningitis, and paralysis [7, 41]. Also, enteroviruses 
are one of few enteric viruses which produce viremia in 
infected patients. 

Enteroviruses are resistant to most concentrations 
of chlorine used in sewage treatment, and they are 
tolerant to cold and warm temperatures. This makes 
them ideally suited for survival in the environment. 
Stability of enteroviruses in the environment is depen¬ 
dent on temperature, humidity, and UV radiation. In 
order to inactivate 90% of poliovirus in salt water 
environment, 671 days at 4°C is required; on the 
other hand, an increase in the temperature to 25° C 
reduces the inactivation time by 25 days [37] . Symonds 
et al. [81] collected sewage influent and effluent from 
several wastewater treatment plants (WWTP) across 
the United States and revealed that 75% of the sewage 
influent and 8.3% of the effluent contained enterovi¬ 
ruses. In 2003, the largest European outbreak of entero¬ 
virus-related infection occurred in Belarus [42]. Over 
1,300 people became ill, and water contaminated with 
echovirus and coxsackievirus was identified as the 
source of the infection. Aside from water and sewage 
samples, enteroviruses have been detected in food sam¬ 
ples. In 1914, the first described food-borne outbreak 
was linked to milk contaminated with poliovirus [43]. 
After pasteurization of milk was adopted, transmission 
of enterovirus by contaminated milk decreased dra¬ 
matically. Despite its demonstrated presence in the 
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environment and sewage, there have been very few 
food-borne-related outbreaks due to enterovirus. 

Adenovirus 

Adenoviruses are members of the Adenoviridae family 
and the Mastadenovirus genus, which comprises five 
genera and infects hosts across the extended spectrum 
of vertebrates [44, 45]. Human adenoviruses are 
a double-stranded DNA virus containing a non- 
enveloped icosahedral shell with fingerlike projections 
forming each of the 12 vertices [46]. Its DNA is linear, 
about 35 kb in size, and it encodes for more than 30 
structural and nonstructural proteins [47]. In 1953, the 
first adenovirus was isolated from human adenoid tis¬ 
sue [48] . There are 51 serotypes of adenovirus, and they 
are divided into six species, A-F, based on their hem¬ 
agglutination properties, their oncogenic potential in 
rodents, and DNA homology or GC content [44]. 

Infections with adenoviruses can result in a wide 
range of clinical symptoms. Subgroups A, D, and F are 
sites for gastrointestinal infections. Subgroup B is 
responsible for lung and urinary tract infections. Sub¬ 
groups C and E are responsible for respiratory tract 
infections. Serotypes 40 and 41 are the cause of most 
adenovirus associated-gastroenteritis, and serotypes 4 
and 7 are associated with most cases of ARD (acute 
respiratory disease) in the United States [49]. Most 
adenovirus infections are self-limiting except cases 
where the infected individual is immunocompromised. 
However, in 2007, there were cases of a new emerging 
strain of adenovirus 14 that caused fatal respiratory 
disease in healthy individuals [50]. After the primary 
infection, immunity is conferred to the causative ade¬ 
novirus serotype. 

Human adenoviruses are specific to humans even 
though adenoviruses infect a range of animals. In 2005, 
Cox et al. reported no viable human adenovirus detec¬ 
tion in feces of cattle, valve, pig, sheep, horse, dog, 
poultry, wombat, cat, kangaroo, possum, wood duck, 
rat, wild pig, fox, rabbit, ferry cat, goat, carp, and deer. 
In domestic sewage worldwide, human adenoviruses 
have been detected in high concentrations and their 
detection in sewage seems to have little seasonal 
variability [2, 44, 51]. As with most enteric viruses, 
adenovirus survives better in the environment and 
sewage treatment than the current indicator bacteria. 


Adenoviruses have increased resistance to UV light, 
and this increased resistant could be due to the DNA 
repair mechanism of the host cell. Because of the envi¬ 
ronmental stability of adenovirus, they have been 
suggested as an indicator of viral pollution [52]. In 
current literature, adenovirus has been associated 
with waterborne outbreaks. Foodborne outbreaks 
have been suspected but not confirmed [49, 53]. 

Rotavirus 

Rotaviruses are a significant cause of infantile viral 
gastroenteritis, with 114 million annual cases of diar¬ 
rhea and up to 352,000-592,000 deaths in children 
younger than five worldwide [54]. Rotavirus’ increased 
activity occurs during peak respiratory virus activity, 
rising in the winter and peaking in the spring. 

Rotaviruses are members of the family Reoviridae 
and are double-stranded RNA with 11 segments and 
a triple capsid structure. Classification of rotavirus into 
P and G genotypes/serotypes are based on the outer 
capsid proteins, VP4 (P protein) and VP7 (G protein). 
Only 14 G and 15 P genotypes have been identified in 
humans [55]. There are seven different serogroups of 
rotavirus (A-G). Although individuals may have mul¬ 
tiple rotavirus infections over time, group A rotaviruses 
cause the greatest numbers of cases of acute gastroen¬ 
teritis (AGE) in children under 2. 

The primary route of transmission of rotavirus is 
the fecal-oral route; additionally, the persistence of 
rotaviruses in aquatic environments and their resis¬ 
tance to water treatment and disinfection processes 
may facilitate their transmission to humans. Rotavirus 
has been implicated in many waterborne epidemics, 
and these viruses have been isolated in sewage, river 
water, groundwater, and drinking water [56-58]. Rota¬ 
viruses are resistant to most disinfectants, heat, proteo¬ 
lytic enzymes, and pH with ranges of 3-10. Their ability 
to survive in various environmental conditions for 
long periods of time contributes to their high rate of 
infection. 

The burden of rotavirus disease has prompted 
a need for an effective vaccine. In 1998, FDA- 
approved RotaShield, a tetravalent human-rhesus 
genetic reassortant vaccine. RotaShield was withdrawn 
from the US market after it was shown to be associated 
with intussusceptions in infants. Vaccine development 
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continued with the license of a monovalent human 
rotavirus vaccine Rotarix™ and the pentavalent 
bovine-human reassortant vaccine RotaTeq™. To 
date, neither of the later derived vaccines have been 
associated with intussusceptions. 

Hepatitis E Virus 

Hepatitis E virus infections are a major cause of acute 
enterically transmitted non-A, non-B (ET-NANB) 
hepatitis in many developing countries throughout 
Middle East, Asia, and Africa [59]. This disease is 
associated with >50% of sporadic acute hepatitis 
which is a cause for great public health concern [60]. 
HEV can be both endemic and epidemic with out¬ 
breaks generally associated with fecal contamination 
of drinking water. North America and Europe have 
generally been considered non-endemic with 
documented cases from individuals who had previ¬ 
ously traveled to endemic areas. It has been implied 
that HEV disease may be zoonotic in endemic regions 
and regions where HEV disease is non-endemic [61]. 
Domestic animals such as cattle, sheep, and pigs all 
appear to be reservoirs of the virus, which may explain 
the presence of anti-HEV antibodies in individuals with 
no obvious or known contact with human strains of the 
virus. 

Hepatitis E is a single-stranded non-enveloped pos¬ 
itive-sense RNA virus approximately 27-30 nm in 
diameter with a genome of about 7.2 kb [62]. HEV is 
currently classified as the only member of the genus 
Hepevirus in the family Hepeviridae [63]. Phylogenetic 
analysis has identified four significant genotypes of 
HEV [62]. Genotype 1 (Gl) was isolated from Africa 
and Asia, genotype 2 (G2) from Mexico, and genotype 
3 (G3) and genotype 4 (G4) from the United States, 
China, Japan, Europe, and Vietnam [62]. Genotype 3, 
which differs from genotypes 1, 2, and 4 by 25.6- 
26.3%, 25.3-25.5%, and 23.7-24.7%, respectively, is 
the first animal strain of HEV to be characterized 
[61]. Additional HEV genotypes may be present as 
other new strains have not been completely sequenced 
and therefore cannot be prominently assigned to 
a genotype at present time. 

Recognition of Hepatitis E as a distinctly unique 
agent of human disease did not occur until the 1980s 
[64] with the development of serological laboratory 


tests. Prior to the development of these tests, clinical 
HEV infection was determined to be the etiological 
agent by process of elimination. Since the epidemiology 
of hepatitis A had been well characterized, assumptions 
were plausible that >90% of the adult population in 
most Asian and Indian countries had previous expo¬ 
sure to HAV and were therefore immune to HAV infec¬ 
tion [65]. This statement was proven when serologic 
tests for the diagnosis of hepatitis A and hepatitis 
E were applied to stored clinical samples collected 
during a waterborne epidemic of viral hepatitis in 
India [65]. Among these stored samples were those of 
the epidemic that occurred in Delhi, India, in 1955- 
1956 where in a population of 1.6 million, approxi¬ 
mately 29,300 jaundice cases occurred, with an esti¬ 
mated 67,700 non-icteric infections. This was the first 
reported outbreak of disease where ET-NANB hepatitis 
was determined to be the etiological agent and virtually 
100% of stored serum samples from such epidemics 
were found to contain IgG anti-HAV but not IgM anti- 
HAV. This can be considered definitive evidence for the 
existence of a previously unrecognized hepatitis as the 
etiological agent in past epidemics [65]. Application of 
current HEV immunological tests on these epidemic 
samples can further strengthen the evidence for ET- 
NANB as the causative agent in these waterborne out¬ 
breaks occurring decades ago. 

The epidemiology and virology of hepatitis 
E suggest that HEV is less readily transmitted than 
HAV [64]. In South Asia, HEV incidence has been 
characterized by marked seasonality, with outbreaks 
occurring during the rainy or monsoon seasons [65]. 
Outbreak investigations often reveal fecally contami¬ 
nated drinking water as the source of HEV infections. It 
appears that rain-induced flooding allows sewage to 
contaminate water supplies which explains the seasonal 
associations. Communities with inadequate sewage 
disposal are prone to recurrent HEV outbreaks. Low 
levels of community sanitation are also strongly asso¬ 
ciated with both epidemic and endemic HEV. An 
example of this occurred in Indonesia where the use 
of river water for cooking and drinking, improper 
disposal of human waste, and poor personal hygiene 
were significantly associated with increased anti-HEV 
IgG seroprevalence. More recent interactions between 
changing human culture and HEV are seen in epi¬ 
demics of hepatitis E that occur among refugee camps 
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under substandard living conditions in Ethiopia and 
Somalia [66]. These findings highlight the risk of HEV 
to aid workers and military installations stationed in 
countries where HEV is epidemic. Therefore, prevention 
and control of HEV in epidemic areas will entail 
improvements in community sanitation, management 
of sewage distribution, and treatment of drinking water. 

Enterically transmitted Hepatitis E has a secondary 
attack rate around 2% and a relatively low infectivity 
compared to hepatitis A, which has a 10-20% second¬ 
ary attack rate among household contacts. It is not 
clear why HEV has a lower secondary attack rate than 
HAV. The lowered environmental stability of HEV may 
contribute to its lower secondary attack rate [63]. Also, 
studies of HEV have shown an association between the 
severity of the disease and inoculum size, where a larger 
infectious dose of HEV may be required to cause overt 
disease. There has been no recognizable difference in 
attack rates or infection rates by sex where there was 
documented exposure to HEV [65]. However, some 
studies have shown that adult men in some instances 
may have a greater risk of developing clinical illness. 
This could be due to infectious dose since men could 
have higher exposure rates than women. In addition, 
societal restrictions placed on women in some cultures 
may minimize their exposure to HEV [64]. 

Transmission of hepatitis E from mother to child 
has been reported with associated morbidity and mor¬ 
tality. A small study was conducted among ten preg¬ 
nant women who were infected with HEV in their third 
trimester. Of those who had successful delivery, six 
transmitted HEV to their child. HEV antigen was 
found in five of the six infants, and anti-IgM was 
found in three of six infants [65]. Other studies have 
also shown a twofold increased risk of clinical HEV 
disease among pregnant women compared with non¬ 
pregnant women of reproductive age [65]. Both epi¬ 
demic and clinical studies have shown that pregnant 
women have an increased likelihood of developing 
acute hepatitis and even fulminant hepatic failure 
after HEV infection. Since hepatitis infections involve 
the liver, it is reasonable to assume that the increased 
complications of pregnancy due to hepatitis can lead to 
increased adverse outcomes with risks of neonatal 
icterus. These reported findings of vertical transmis¬ 
sion pose difficulty in accessing the risk of fecal-oral 
infections in newborns. 


Despite our discovery of the hepatitis E, this virus 
continues to pose a global public health problem. There 
have been many advances in understanding the clinical, 
virological, and epidemiological characteristics of HEV, 
but there are still many unanswered questions. Devel¬ 
opment of an effective vaccine is currently not possible 
because a cell culture system that efficiently grows the 
virus has not been discovered, although there have been 
different vaccine candidates purposed. As future 
research of HEV continues, the epidemiologic features 
of this important virus will be clarified further and 
a protective vaccine will be developed. Perhaps then 
we can resolve the reasons for increased morbidity and 
mortality in pregnant women and determine factors 
which lead the persistence of protective antibodies. 
Once these questions have been answered, we will 
have better control and understanding of hepatitis E. 

Detection of Enteric Viruses 

In the past, detection of enteric viruses in environmen¬ 
tal samples largely depended on whether the agent grew 
in cell culture. For those types that do, such as entero¬ 
viruses and adenoviruses, detection by virus replication 
in cell culture demonstrated infectivity as well as their 
presence. The ability to detect viruses by cell culture is 
a clear advantage when assessing whether environmen¬ 
tal samples or foods are microbiologically hazardous. 
The capacity to do quantitative assays is also a bonus of 
cell culture. Cytopathic effect or virus-specific killing or 
lysing of cells is visible by ordinary light microscopy. 
Cell culture assays were the most widely used protocol 
for detection of enteric viruses until the 1990s [53, 67, 
68]. While cell culture offers quantitative analysis and 
infectivity, the high cost, long turnaround time, and 
labor-intensive efforts are drawbacks. There are many 
cell lines suitable for growing enteric viruses. Buffalo 
green monkey (BGM) cell line has been shown to give 
higher plaques forming units per milliliter (PFU/ml) and 
faster CPE for coxsackieviruses and polioviruses [69]. 

There are a host of enteric viruses that are capable of 
growth utilizing cell culture, but two significant enteric 
viruses, human noroviruses and wild-type HAV, are 
difficult or unable to propagate in cell culture. Cell 
culture would apparently not be a proactive monitor¬ 
ing protocol given the length of time required to com¬ 
plete most assays and difficulties of propagation. 
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However, cell culture used in conjunction with detec¬ 
tion emerging assays can be used to address the issue of 
viability while comparing the sensitivity of each repre¬ 
sentative assay. 

Detection of enteric viral pathogens with molecu¬ 
lar-based PCR assays has successfully been utilized for 
a number of years [17, 70-72]. Conventional PCR 
methodology utilizes a pair of oligonucleotides or 
primers, each hybridizing to one strand of double- 
stranded DNA (dsDNA) target. The types of primers 
used can be (1) random primers - short single- 
stranded DNA fragments with all possible combina¬ 
tions of bases, (2) polythymine primers - 16-base- 
long thymine primers that will hybridize with the 
polyadenine end of the mRNA, and (3) specific primers 
- only the targeted region specific to the primers will be 
amplified. The primers act as a substrate for DNA 
polymerase which creates a complementary strand by 
the way of sequential addition of deoxynucleotides. 
The process of PCR can be summarized into three 
steps: (1) denaturation - dsDNA is separated by an 
increase in temperature, (2) annealing - the tempera¬ 
ture is decreased to allow the primers to anneal to the 
separated DNA, and (3) extension - the extension of 
the DNA fragment with the primers attached by addi¬ 
tion of deoxynucleotides. For RNA viruses such as 
enteroviruses, NoV, and HAV, RT-PCR, or the conver¬ 
sion of RNA to cDNA, is necessary. During reverse 
transcription, a primer is required for the reverse tran¬ 
scriptase (RNA-dependent DNA polymerase) to initi¬ 
ate the synthesis of cDNA from the viral RNA. For 
DNA viruses, reverse transcription is not a necessary 
step. The final PCR product is analyzed by electropho¬ 
resis in the presence of ethidium bromide in which the 
correct size of the product can be examined visually by 
ultraviolet light. Hybridization with digoxigenin- 
labeled probes or genetic sequencing can be used to 
further identify PCR products. If the products exam¬ 
ined are from environmental samples, cloning of the 
PCR products may also be required as there can be 
multiple strains of individual viruses present. 

Real-time quantitative PCR or qPCR is used to 
quantitatively determine the amount of original target 
present in the sample [73, 74]. During a qPCR assay, 
the amplicon produced during each cycle can be quan¬ 
tified using SYBR Green (nonspecific attachment 
to dsDNA), or by using a fluorescent internal probe 


(specific hybridization) [74]. For SYBR green assays, 
melt curve analysis is important to ensure that the 
desired DNA fragment is detected as different DNA 
fragments have different T m (melting temperature). 
For fluorescent internal probes, fluorescence is mea¬ 
sured during each cycle, and when the amount of 
fluorescence exceeds the background level (threshold 
level), the sample is scored as positive. The number of 
cycles required to reach the threshold level, commonly 
referred to as the cycle threshold value (C t ), correlates 
with the amount of target in the sample prior to ampli¬ 
fication [73]. Real-time PCR is an excellent tool for 
detection of enteric viruses in environmental samples 
and has been used successfully to determine the con¬ 
centrations of viral genomes [75, 76]. 

Multiplex PCR, which utilizes multiple primer sets 
within a single PCR reaction, can be used to simulta¬ 
neously detect different groups of viruses. However, 
this multiple viral detection can be difficult to optimize 
because of the different annealing temperature require¬ 
ments of dissimilar primer sets and because of the 
properties of the viral nucleic acids found between 
viral groups [41]. Real-time PCR (qPCR) has been 
quite successful for detection of multiple enteric 
viruses, because it can analyze each target indepen¬ 
dently in the same assay by using specific internal 
probes binding to different fluorochromes that the 
real-time PCR equipment can analyze independently 
[77, 78]. Furthermore, the PCR products can be of 
a similar size, providing better amplification efficiency. 
For viruses that grow poorly in cell culture, the detec¬ 
tion by PCR integrated with cell culture (i.e., ICC- 
PCR) drastically reduces the time needed for detection 
[79]. The detection of enteroviruses in water can be 
between 3 and 14 days using cell culture, 5 days using 
integrated cell culture, and less than a day using 
direct real-time PCR. Because viruses are normally 
present in very low concentrations in environmental 
samples, the level of sensitivity of most PCR is advan¬ 
tageous for detection of low copy number. While 
the sensitivity of PCR is beneficial, the presence of 
inhibitory substances (i.e., humic acid or heavy 
metals) in concentrated environmental samples is of 
concern. Internal controls for real-time PCR have 
been developed to determine the presence of inhibi¬ 
tors in a sample and ensure that reaction conditions 
are optimal [80]. 
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While there has been tremendous progress in 
molecular detection assays, complications remain. 
Even though most molecular-based assays are specific, 
sensitive, rapid, and cost efficient, there has been no 
development of a universal method or standardization. 
Perhaps future development of molecular-based assays 
that can establish infectivity will combine best of cell 
culture and PCR when it comes to the detection of 
enteric viruses in the environment. 

Future Directions 

Enteric viruses in the aquatic environment have been 
thoroughly studied over the years. Their persistence 
and distribution in the environment continues to 
cause threats to public health. Development of molec¬ 
ular techniques has allowed detection of these viral 
pathogens, especially those that cannot be readily prop¬ 
agated utilizing cell culture techniques. As we continue 
to make advances in understanding the pathogenic 
nature of these viruses, we can be instrumental in 
preventing disease outbreaks and improve public health. 
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Glossary 

Neglected tropical diseases A group of poverty- 
promoting and disfiguring diseases disproportion¬ 
ately affecting the poorest populations in develop¬ 
ing countries. They are termed neglected because 
they lack the visibility, research support, and 
funding of other, more high profile, infections, 


such as malaria, HIV/AIDS, and tuberculosis. Sev¬ 
eral can be treated with inexpensive, effective treat¬ 
ment, while for others new drugs are needed. 
Waterborne infectious diseases Those diseases that 
rely on, or are heavily associated with, water for at 
least one stage of their life cycle or transmission, or 
affect populations closely related to areas of water. 

Definition of the Subject 

Waterborne diseases represent a significant and sub¬ 
stantial burden on human health that disproportion¬ 
ately affects those living in the developing world. 
Human populations are attracted to live near surface 
water, particularly in areas such as sub-Saharan Africa 
(SSA) where it may represent a scarce resource. The 
development of water resources to exploit their poten¬ 
tial has undoubtedly been of great benefit to some 
human populations via, for example, an increase in 
the amount of land suitable for agriculture provided 
by irrigation schemes, or the provision of hydroelectric 
power following the construction of dams and reser¬ 
voirs. However, as an unintentional consequence such 
development may have unwittingly increased the 
extent of human waterborne infections by increasing 
the areas of suitable habitat for disease vectors and/or 
intermediate hosts, as well as attracting human 
populations to congregate, thereby aiding the life cycles 
of many infectious organisms [1-3]. 

The tools to treat, control and, in some cases, elim¬ 
inate and eradicate some of these diseases already exist 
and there are examples of considerable, but not com¬ 
plete, success. Redoubling of efforts against such infec¬ 
tions is advocated. In this entry, the major waterborne 
diseases that impact on human health, their extent, and 
the current position with regard to control are examined. 

Introduction 

Water- and Sanitation-Related Diseases Considered 
(in alphabetical order) 

• Cholera 

• Dengue and dengue hemorrhagic fever 

• Guinea worm disease (Dracunculiasis) 

• Lymphatic filariasis (Elephantiasis) 

• Malaria 

• Onchocerciasis (River blindness) 
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• Schistosomiasis (Bilharzia) 

• Soil-transmitted helminthiasis (STH - ascariasis, 
trichuriasis, and hookworm) 

• Trachoma 

• Typhoid and paratyphoid enteric fevers 

These diseases represent a diverse taxonomic group 
of infections stretching from viruses to multicellular 
macro-parasitic helminth infections. A brief descrip¬ 
tion of the main infectious organisms is presented in 
Table 1. 


While malaria has (rightly) long had strong visibil¬ 
ity and powerful political advocacy behind its control, 
many of the other diseases have not traditionally 
benefitted from such a profile. However, in the last 
decade, a number of individuals advocating on behalf 
of each of these diseases have changed the perception 
of them internationally. The World Health Organiza¬ 
tion has endorsed these increases in recognition and 
by establishing a “Department of Neglected Tropical 
Diseases” within the organization, it has encouraged 
a growing realization that each of the hitherto 


Waterborne Infectious Diseases, Approaches to Control. Table 1 Classification of major waterborne diseases 
affecting human health. MDA: suitable for control via mass drug administration. STH soil-transmitted helminthiasis, 
M million, DALYs disability adjusted life years 


Family 

Disease 

Type and species 

DALYs 

Infected globally 

Protozoa 

Malaria 

Cerebral (Plasmodium 
falciparum) 

46.5M [12] 

515M clinical cases of 

P. falciparum malaria [13] 



Others (P. vivax; P. ovale; 

P. malariae) 



Helminth (MDA) 

Schistosomiasis 

(Bilharzia) 

Intestinal (Schistosoma 
mansoni, S. japonicum) 

13-15M [14] 

207M [2] 



Urogenital (5. haematobium ) 




STH (Worms) 

Roundworm (Ascaris 
lumbricoides) 

10.5M [15] 

807M [15] 



Whipworm (Trichuris trichiura) 

6.4M [15] 

604M [15] 



Hookworm (Necator 
americanus; Ancy/ostoma 
duodena/e) 

22.1 M [15] 

576M [15] 


Onchocerciasis (River 
blindness) 

Onchocerca volvulus 

0.5M [16] 

37M [16] 


Lymphatic filariasis 
(Elephantiasis) 

Wuchereria bancrofti ; Brugia 
malayi 

5.8M [17] 

120M [17] 

Helminth (non- 
MDA but 
eradicable) 

Guinea worm 

Dracunculus medinensis 

<0.1 M [18] 

<1,800 [18] 

Bacteria (MDA) 

Trachoma 

Chlamydia trachomatis 

2.3M [19] 

84M [19] 

Bacteria (non- 

Cholera 

Vibrio cholera 


3-5 M cases annually [20,21] 

MDA) 

Typhoid and 
paratyphoid enteric 
fever 

Salmonella enterica 


27.1 M [22] 

Virus 

Dengue and dengue 
hemorrhagic fever 

Flavivirus 

528,000 [23] 

50M [23] 
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under-recognized diseases requires specific expertise, 
targets, and interventions in order to effectively control 
them. However, it has also been recognized that where 
overlaps in control approaches exist between infec¬ 
tions, not least with regard to the targeted populations, 
and the frequency and mode of treatment, then 
an integrated approach to control can be employed 
which should be more cost-effective than the separate, 
individual, vertical control programs which have pre¬ 
viously been employed. Indeed, there is a growing 
momentum behind such an approach [4-10]. The 
progress made in the control of each of these water¬ 
borne diseases to date is outlined in Table 2; alongside 
the aim of control (i.e., whether it be morbidity con¬ 
trol, local elimination, global eradication [see [11] for 
definitions of these terms]) and the control strategies 
employed. 

Malaria 

Malaria is without doubt the world’s most feared 
and important parasitic disease as measured by the 
extent of its distribution, the annual number of cases, 
and the death toll it exerts, particularly in infants 
[35-36]. It is estimated that 300-500 million cases 
of malaria occur each year, leading to over one 
million deaths [35-36], of which 75% occur in children 
under the age of 5 [37] (Fig. 1). The symptoms of 
malaria vary by parasite species and by individual 
human host. Fever, chills, headache, muscle aches, 
tiredness, nausea, and vomiting are common symp¬ 
toms, but infection can also result in anemia and 
jaundice [25]. In the absence of effective treatment, 
convulsions, coma, severe anemia, and kidney failure 
can also occur. In the case of Plasmodium falciparum, 
the most common species of malaria in Africa, the 
severe cerebral form can develop which will lead to 
death without treatment. As a result, cerebral malaria 
is one of the leading causes of death in under-5-year- 
old children in Africa. Fortunately, many people living 
in areas with regular malaria transmission survive 
malaria and develop some protective immunity after 
repeated infections. Recently the field of malaria con¬ 
trol has been challenged by Bill and Melinda Gates to 
begin aiming for global elimination of the infection, 
a target that has not been seriously attempted for 
decades [24, 38]. 


Input Photo of Malaria Effects 

Four species of the protozoan genus Plasmodium infect 
man ( Plasmodium falciparum, P. vivax, P. ovale, and 
P. malariae). All four are transmitted by the bite from 
an infected mosquito of the genus Anopheles and all 
four undergo similar life cycles. When a mosquito bites 
an infected person, it ingests blood, and takes up any 
malaria parasites in that blood meal. The parasite then 
develops in the mosquito passing through a number 
of stages until after between 9 and 30 days, the parasite 
is ready to pass back to another human. The form 
infective to humans (the sporozoite) is to be found in 
the mosquito’s salivary glands from where it will be 
injected into the next human host when the mosquito 
takes future blood meals. 

Once back in the human host, the sporozoites 
migrate to the liver where they multiply and spread 
into the bloodstream. The liver phase can last between 
8 days and several months, depending on the malaria 
species. Further growth and multiplication then takes 
place inside red blood cells, and it is the regular 
destruction of these red blood cells which causes 
the characteristic intermittent fevers. The released 
parasites then invade new blood cells, and the cycle of 
multiplication and fever continues, with most people 
suffering their first fever 10 days to 4 weeks following 
infection. Malaria kills when the P. falciparum parasite 
invades the brain and causes cerebral malaria. 

Malaria occurs mostly in tropical and subtropical 
countries, particularly in sub-Saharan Africa (90% of 
morbidity), Southeast Asia (India, Sri Lanka, Vietnam, 
and the Solomon Islands are endemic), and the forest 
fringe zones in South America (Brazil and Colombia 
are endemic), but its distribution is heavily dependent 
on the availability of suitable water bodies which sup¬ 
port the mosquito larvae. The mosquito species vary 
considerably in their water and ecological requirements, 
in regard to levels of sunlight, aquatic vegetation, water 
flow, brackishness, and turbidity in a particular micro- 
habitat. Several human factors have changed the distri¬ 
bution of the mosquito, for example (relatively) clean 
and dry urban cities may no longer support mosquitoes 
and therefore reduce transmission, while climate 
change may allow malaria to thrive in higher altitude 
areas than previously. The construction of irrigation 
systems and reservoirs, particularly in Africa, and 
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Waterborne Infectious Diseases, Approaches to Control. Table 2 A summary of the current status of the major 
waterborne infectious diseases, aims and approaches to control. ACT artemisinin combination therapy, DEC diethylcar- 
bamazine, APOC African Program for Onchocerciasis Control, MDA mass drug administration 


Disease 

Current status (2011) 

Control aim 

Control strategy 

(1) Malaria 

300-500 million cases per year and 
up to one million deaths [13]. 
Plasmodium falciparum in Africa 
causes the most fatalities 

Transmission 
control and, 
recently, 
eradication [24] 

Preventing mosquito bites using long- 
lasting insecticide-impregnated bed 
nets. Presumptive treatment, speedy 
home-based treatment, ACTs, vector 
control [25] 

(2a) Schistosomiasis 
(Bilharzia) 

Over 200 million people infected; 
over 85% in Africa [2]. Irrigation 
projects and dams exacerbate the 
problem - treatment coverage 
needs to be expanded from current 
level of 10-20% 

Morbidity control 
and, recently, 
local elimination 
[26] 

Annual or biannual treatment with 
praziquantel protects children from 
future consequences [27]. Improved 
socioeconomic status, water supplies, 
and sanitation are necessary for 
elimination 

(2b) Soil- 
transmitted 
helminthiasis (STH) 

Over one billion of the poorest 
children and adults infected 
globally. Annual treatment 
coverage is now approaching 50% 

Morbidity control 

Six-monthly or annual deworming 
treatment of preschool and school-age 
children with albendazole or 
mebendazole [28] 

(2c) Onchocerciasis 
(River Blindness) 

Great progress in recent decades. 

19 countries treated by APOC. Still 
50 million infections in Africa 
because hypo-endemic areas are 
not treated. Elimination in some foci 
in Africa thought possible. 
Elimination being approached in 
Central and South America [29, 30] 

Interruption of 
transmission 
(Americas)/ 
Morbidity control 
(elsewhere) 

Multiple annual MDA rounds with 
ivermectin (Mectizan®) 

(2d) Lymphatic 

filariasis 

(Elephantiasis) 

120 million infected globally. 

A serious economic problem in 
Africa and the Indian subcontinent, 
but progress is being made toward 
elimination. 500 million people 
treated annually [31] 

Global 

elimination as 
a public health 
problem 

Multiple annual MDA rounds with 
albendazole and ivermectin (Mectizan®) 
(in Africa) or albendazole and DEC 
(elsewhere) 

(3) Guinea worm 

Rapidly approaching eradication. 
Fewer than 400 cases reported 
during the first quarter of 2011. 
Sudan, Ethiopia, Mali, and Chad are 
the countries with most residual 
infections (www.cartercenter.org) 

Global 

eradication 

Individual case finding and case 
containment, clean water provision and 
filtration, vector control (abate). Regular 
surveillance of endemic villages 

(4) Trachoma 

(preventable 

blindness) 

80 million infected, 8 million visually 
impaired [19]. Treatment expansion 
satisfactory: 70 million due to be 
treated in 2011 [32]. Has been 
eliminated from Morocco 

Global 

elimination as 
a public health 
problem 

Annual treatment (for 3-5 years) with 
azithromycin (Zithromax®), as part of 
a "SAFE" strategy (Surgery, Antibiotics, 
Face washing, and Environmental 
improvement) [33] 

(5) Cholera 

3-5 million cases and 120,000 
deaths annually. A disease which 
follows disruption of services, clean 
water and sanitation after natural 
disasters [20] 

Minimization and 
control of 
outbreaks 

Up to 80% of cases can be successfully 
treated with oral rehydration salts. 
Effective control measures rely on 
prevention via provision of safe water 
and sanitation. Oral cholera vaccines 
can be used for control, but should not 
replace conventional control measures 
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Waterborne Infectious Diseases, Approaches to Control. Table 2 (Continued) 


Disease 

Current status (2011) 

Control aim 

Control strategy 

(6) Typhoid and 
paratyphoid enteric 
fever 

Conservatively estimated at 27 
million infection and 215,000 
deaths annually, mostly in SSA and 
Southeast Asia 

Minimization and 
control of 
outbreaks 

Improving sanitation, identification and 
treatment of carriers, and use of typhoid 
vaccines to reduce susceptibility to 
infection [34] 

(7) Dengue and 
dengue 

hemorrhagic fever 

250 million at risk and 50 million 
cases annually in over 100 
countries, and increasing. Can be 
fatal [23] 

Transmission and 
morbidity control 

Effective clinical management. 
Replacement of fluids and sometimes 
blood transfusions. Vector control also 
required 



Waterborne Infectious Diseases, Approaches to Control. Figure 1 

The spatial distribution of P. falciparum malaria endemicity. Reproduced from work carried out by the Malaria Atlas Project 
[40]. Pf PR (2-10) corresponds to the P. falciparum parasite rate in 2-10-year olds 


changes in rice cultivation can lead to dramatic increases 
in the extent of areas suitable for malaria transmission. 
Indeed, malaria, once thought to have been eliminated 
in some countries, has returned as a result of the poor 
maintenance of water facilities and irrigation systems. 

The Control of Malaria 

In the 1960s, malaria was thought close to elimination 
after the widespread and effective use of DDT 
(dichlorodiphenyltrichloroethane) to control mos¬ 
quito populations and chloroquine to treat infections 
in humans [39]. Neither of these interventions is as 
effective in the twenty-first century; the use of DDT has 
stopped due to environmental concerns and the devel¬ 
opment of resistance [39]. Equally, the parasite has 


developed resistance to chloroquine, and to a succes¬ 
sion of antimalarial drugs which followed it. 

In 2011, the WHO strategy for malaria comprises 
four main interventions, and is implemented through 
the Global Malaria Program (GMP) and the Roll Back 
Malaria (RBM) partnership: 

• Reducing mortality, particularly among children, 
by early case-detection and prompt treatment with 
effective antimalarial drugs 

• Promoting the use of insecticide-treated bed nets, 
especially by children and pregnant women 

• Prevention of malaria in pregnancy by applying 
intermittent preventive therapy 

• Ensuring early detection and control of malaria 
epidemics, especially in emergency situations 
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In addition, vector control can be an effective control 
tool; mosquito breeding sites can be removed by filling 
in and/or draining suitable water bodies and through 
other environmental management schemes, while the 
vectors can be controlled using chemical (IRS - Indoor 
Residual Spraying) and biological control in certain 
circumstances. 

Current Drugs: Artemisinin-Based Combination 
Therapies (ACTs) 

Widespread parasite resistance has arisen to the major¬ 
ity of antimalarials and the management of resistance 
presents a key battle in the fight for malaria control 
and eventual eradication. The newest class of drugs, 
artemisinins, has a very different mode of action to 
conventional antimalarials, which makes them partic¬ 
ularly useful in the treatment of resistant infections 
[41]. However, in order to control the development of 
resistance to this drug, its use is only recommended in 
combination with another nonartemisinin-based ther¬ 
apy. Artemisinin produces a very rapid amelioration of 
clinical symptoms and is known to cause a reduction in 
the transmission of gametocytes, which may help 
decrease the potential for the spread of resistant alleles. 
To date there have been very few reported side effects to 
drug usage, however, one great worry is that resistance 
to Artemisinin may develop and indeed some resistant 
strains maybe emerging [42]. 

All the treatment combinations outlined below 
have been recommended by WHO for treatment of 
P. falciparum [43]. 

Artesunate and amodiaquine ( Coarsucam and 
ASAQ). This combination has been tested and proved 
to be efficacious in many areas where amodiaquine 
retains some efficacy. 

Artesunate and mefloquine ( Artequin and ASMQ ) 
has been used as an efficacious first-line treatment 
regimen in areas of Thailand for many years. Meflo¬ 
quine adverse reactions seem to be reduced when the 
drug is combined with artesunate possibly due to 
a delayed onset of action of mefloquine. This is not 
likely to be an option for long-term use in Africa due to 
the long half-life of mefloquine, which potentially 
could exert a high selection pressure on parasites. 

Artemether and lumefantrine ( Coartem Riamet , 
Faverid , Amatem and Lonart). This combination has 


been extensively tested and is effective in children 
under 5. It has been shown to be better tolerated than 
artesunate plus mefloquine combinations. There are no 
serious side effects documented but the drug is not 
recommended in pregnant or lactating women due to 
limited safety testing in these groups. This is the most 
viable option for widespread use and is available in 
fixed-dose formulae, which should increase compli¬ 
ance and adherence. 

Artesunate and sulfadoxine/pyrimethamine ( Ariplus 
and Amalar plus). This is a well-tolerated combination 
but the overall level of efficacy still depends on the level 
of resistance to sulfadoxine and pyrimethamine thus 
limiting its usage. 

Dihydroartemisinin-piperaquine ( Duo-Cotecxin , 
Artekin). Has been studied mainly in China, Vietnam, 
and other countries in Southeast Asia. The drug has 
been shown to be highly efficacious (greater than 90% 
clinical response rate). 

Pyronaridine and artesunate ( Pyramax ). 
Manufactured by Shin Poong Pharmaceutical. Has 
been tested and demonstrated a clinical response rate 
of 100% in one trial in Hainan (an area with high levels 
of P. falciparum resistance to Pyronaridine). A multi¬ 
center phase III trial conducted in Africa found a 99.5% 
response rate [44]. 

Current Prophylactics 

For travelers to malaria endemic areas who have never 
been exposed to malaria before, a course of prophylac¬ 
tics is recommended as a protection. Several options 
exist, as detailed in Table 3. 


Waterborne Infectious Diseases, Approaches to 
Control. Table 3 Current prophylactic malaria tablets 
available for exposure-naive individuals 


Proganil 

100 mg tablets are supplied as Paludrine 

Chloroquine 

150 mg tablets are supplied as Nivaquine 
or Avloclor 

Mefloquine 

250 mg tablets are supplied as Larium 

Malarone 

A combination of Atovaquone 250 mg 
and Proguanil 100 mg 

Doxycydine 

100 mg capsules or tablets 
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Bed Nets 

Insecticide-treated nets (ITNs) were developed in the 
1980s to combat malaria by preventing the mosquito 
from biting humans while they sleep. More recently, 
longer lasting insecticide nets (LLINs) have been devel¬ 
oped which are impregnated with insecticides such as 
permethrin or deltamethrin. The latest production 
technologies (e.g., Olyset or DawaPlus) allow for 
a new generation of LLINs, which release insecticide 
for approximately 5 years. Such ITNs have been shown 
to be an extremely effective and cost-effective method 
of malaria prevention [45], aiding the drive toward 
Millennium Development Goal 6, which specifically 
calls for reduced malaria infection. These nets, which 
are typically available for $2.50-$3.50 (€2-€3) are gen¬ 
erally purchased by donor groups like the Bill and 
Melinda Gates Foundation (BMGF), the President’s 
Malaria Initiative (PMI) and the Global Fund and 
distributed through in-country distribution networks. 
One debate that has been ongoing for several years is 
whether or not international organizations should dis¬ 
tribute ITNs and LLINs to people for free in order to 
maximize coverage and reduce price barriers. Some 
argue that cost-sharing between the international orga¬ 
nization and recipients would lead to greater usage of 
the net because people will value them if they pay for 
them. Irrespective of the specifics of the approach, the 
main target has to be in assisting people, who most 
need the bed nets, to receive them and use them 
correctly. 

Current Insecticides 

Insecticides against malaria are used in two main ways: 
First, to kill the larvae breeding in water bodies close to 
human habitation; second, to kill the adult mosquitoes 
to prevent them biting humans inside a house. Fogging 
machines can be used to safely distribute insecticide in 
community-wide spraying in towns and tourist resorts. 
Unfortunately, sprayed insecticides are often expensive 
and the effects are only transitory, allowing mosquitoes 
to reinvade. There are two currently used insecticides: 
(1) Malathion - an organophosphate often used to 
treat crops against a wide array of insects. It can be 
sprayed directly onto vegetation, such as the bushes 
where mosquitoes like to rest, or used in a 5% solution 
to fog open areas. In the small amounts used for 


mosquito control, it poses no threat to humans or 
wildlife. (2) Permethrin is a synthetic form of a natural 
insecticide (pyrethroid) which can be mixed with oil or 
water and applied as a mist. Both malathion and per¬ 
methrin are also available in sprays for use for Indoor 
Residual Spraying (IRS). IRS kills adult mosquitoes 
that land on sprayed surfaces. Its two primary effects 
are to reduce the life span of vector mosquitoes so that 
they can no longer transmit malaria, and to reduce the 
density of the vector mosquitoes [46]. IRS is currently 
being funded by the PMI and the Global Fund. Histor¬ 
ical and programmatic documentation has clearly 
established the impact of IRS [47] and expansion of 
coverage is likely to continue. 

DDT has long been the cheapest insecticide and the 
one with the longest residual efficacy against malaria 
vectors (6-12 months depending on dosage and sub¬ 
strate), although environmental and resistance prob¬ 
lems have largely curtailed its use. Other insecticides 
have relatively shorter residual effect (pyrethroids: 
4-6 months; organophosphates and carbamates: 
2-6 months). 

Schistosomiasis 

Three major species of schistosome worms infect 
humans [48]: 

• Schistosoma japonicum (intestinal schistosomiasis) 
is found only in China and the Far East and infects 
humans and domestic animals. The intermediate host 
are amphibian snails of the genus Onchomelania. 

• S. mansoni (intestinal schistosomiasis) originated 
in Africa, but was carried by humans to South 
America and the Caribbean where a suitable snail 
host was able to support transmission. Primates 
may also become infected. The intermediate hosts 
are snail species of the genus Biomphalaria. 

• S. haematobium (urogenital schistosomiasis) is 
found only in Africa and the Middle East and 
there is no animal reservoir. The snail intermediate 
hosts are certain species of the genus Bulinus. 

The worms of each species live in the blood vessels 
of humans and the female worm lays eggs which either 
escape through the urine ( S . haematobium) or feces 
( S . mansoni/S. japoncium) to continue the life cycle or 
remain in the body trapped in the intestine wall, 
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bladder wall, or liver tissues. In female hosts, the worms 
and eggs can invade the genital system and cause dam¬ 
age [49]. Once the eggs have exited the body they will 
hatch only when they reach freshwater. The emerging 
free swimming larvae (miracidia) need to find and 
invade the correct snail intermediate host species in 
order to survive. Once there, they undergo asexual 
reproduction in their host snail over a period of 
a month developing through the “sporocyst” and 
“daughter sporocyst” intermediate stages. Eventually 
the next free living larval stage (cercariae) emerges 
from the snail into water as swimming organisms 
with a body and a tail. They have a short life during 
which time they are attracted to any human skin 
immersed in the water. They will attach to and pene¬ 
trate unbroken skin, shedding the tail in the process. 
The body (now a schistosomulum) migrates to the 
lungs and passes through the diaphragm to reach the 


liver. About 6 weeks after initially penetrating the host, 
the worm in the liver will reach maturity - and about 
one centimeter in length. The male and female adult 
worms pair and the male carries the female to their 
selected blood vessels where they can live and produce 
eggs, typically for a period between 2 and 10 years [50] . 
S. haematobium worms reside around the bladder, and 
hence the eggs pass out in the urine. S. japonicum and S. 
mansoni worms reside in the blood vessels in the mes¬ 
entery and hence their eggs breaking into the intestine 
and being voided with the feces [51-53] (Figs. 2 and 3). 

An estimated 207 million people are infected glob¬ 
ally with schistosomiasis [2] with almost 90% of those 
infected found in Africa [54]. The first symptom of 
infection is irritation at the site of penetration and is 
rarely noticed. A classic symptom of heavy infection is 
caused by the passage of schistosomula through the 
lungs 5-10 days after infection, but this is only seen 
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Waterborne Infectious Diseases, Approaches to Control. Figure 2 

Life cycle of the three major schistosome species that infect humans (Taken from http://www.dpd.cdc.gov/dpdx/html/ 
schistosomiasis.htm. Centers for Disease Control) 




Waterborne Infectious Diseases, Approaches to Control 


W 


12005 



Waterborne Infectious Diseases, Approaches to Control. Figure 3 

(a) A pair of schistosome adult worms, showing the female (thin worm) present in the male's gonotrophic canal, 

(b) Schistosome eggs, and (c) the characteristic sign of urogenital impact, blood in the urine 


when many worms are passing through concurrently, 
as in the case of a single heavy exposure. Subsequent 
symptoms occur as the worms mature and start 
laying eggs. This can lead to blood in the urine in 
S. haematobium cases (a finding that is also used as a 
major diagnostic feature). S. japonicum and S. mansoni 
eggs breaking into the intestine can cause diarrhea and 
blood in the stool but this is less obvious and therefore, 
not a definitive diagnostic feature [48, 51-52]. 

Schistosomiasis is a multifaceted disease. The 
worms can live for up to 30 years [55, 56] and the 
eggs that collect in the body cause increasing organ 
damage over time. Heavy infections lead to severe 
symptoms and death from bladder cancer in 
S. haematobium infections and from portal hyperten¬ 
sion in S. japonicum and S. mansoni infections. 
Uninfected people exposed to an initial heavy infection 
by swimming in a water body containing many infected 
snails can suffer extreme early symptoms, while light 
infections may never be detected. The norm for people 
residing in endemic areas is for chronic infection last¬ 
ing years to occur before serious consequences are 
recognized. This happens because the chronic infection 
stage can cause significant but often undiagnosed sub¬ 
tle morbidity, including anemia, stunting, urinary and 
intestinal problems, lassitude and reduced growth, 
poorer school attendance and performance. Mean¬ 
while, overt and severe organ damage can gradually 
occur over the course of this worsening process 
[48, 51, 52, 57-58] (Fig. 4). 
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Late stages of schistosomiasis infection, showing severe 
morbidity 
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Treatment 

Currently there seems to be little chance of elimination 
of schistosomiasis in its transmission heartland of rural 
Africa because to date, elimination has only been pos¬ 
sible in countries that have undergone significant 
socioeconomic development, such as Japan and Puerto 
Rico. Substantial improvements in water and sanita¬ 
tion conditions in rural African areas are required in 
order to permanently interrupt transmission. On a 
wider scale, sustained economic development is needed 
to eventually rid the world of this disease. Until then, 
the currently followed strategy is to focus on morbidity 
control via the large-scale administration of the drug 
praziquantel to at-risk groups (although recently this 
has been shown to also have an effect on transmission 
[59-60]) [61]. An annual round of treatment reaching 
school-age children would have a substantial effect on 
improving the quality of life of treated children, and 
protecting them from the serious consequences of their 
infections in later life [7]. 

Schistosomiasis can be treated with the generic 
drug praziquantel [62] (administered at 40 mg/kg 
body weight) which kills the adult worms. Praziquantel 
is currently available off-patent at a cost of about 
8 USD cents (5 GBP pence) per tablet from a number 
of manufacturers, most of which are in India, South 
Korea, and China. On average 2.5 tablets are needed to 
treat a child and 4 tablets per adult, equating to 20 cents 
for the tablets needed to treat a child and 32 cents for an 
adult. The pharmaceutical company Merck Serono has 
recently committed to a drug donation program that 
pledges 200 million tablets over 10 years, enough to 
treat eight million children per year in high-prevalence 
areas in Cameroon, Malawi, Mozambique, Nigeria, and 
Senegal. It is hoped that further donations may be forth¬ 
coming in future; however, the situation is complicated 
as the active ingredient for the tablets is the constraining 
factor in the supply chain due to uncertainty in market 
demand. WHO is working with the drug companies 
to attempt to stabilize the market over the medium- to 
long-term, because Africa is desperately short of 
praziquantel ([63] and website www.schisto.org). 

Improved Funding 

During the 1980s several schistosomiasis control pro¬ 
grams were started in Africa using donated drugs 


(by the German developmental organization GTZ) 
but once the drug donations ended, the programs 
proved to be unsustainable and ceased. In the 1990s, 
three countries (Egypt, Brazil, and China) applied to 
the World Bank for funding and as a result they all 
reduced their schistosomiasis burden to below what 
constituted a public health problem, using a combina¬ 
tion of drug treatment and molluscicides. The cost of 
molluscicides, however, proved a barrier to any expan¬ 
sion of their use. 

At the start of this century, the Bill and Melinda 
Gates Foundation (BMGF) made significant funds 
available for treatment (from 2003 to 2006) through 
the Schistosomiasis Control Initiative (SCI; www. 
schisto.org). Six countries (Burkina Faso, Mali, Niger, 
Tanzania, Uganda, and Zambia) benefited from this 
donation and led the way in Africa for the development 
and implementation of national schistosomiasis pro¬ 
grams. Thanks to the UK’s Department for Interna¬ 
tional Development (DFID) (2008-2013) and the 
United States Agency for International Development 
(USAID) (2006-2013), more resources have been made 
available (primarily through the Schistosomiasis Con¬ 
trol Initiative [SCI] and Research Triangle Interna¬ 
tional [RTI]) to expand coverage of schistosomiasis 
treatment throughout Africa. By working together sev¬ 
eral countries will receive the support they need to 
reach national coverage. Other countries plan to start 
implementation programs in 2011 (Cote d’Ivoire, Fibe- 
ria, Malawi, and Mozambique). However, even given 
this expansion, many countries in need of national 
control programs have yet to start. 

Although elimination of infection is not a target in 
mainland Africa, Zanzibar is aiming for elimination in 
5 years from 2011; thanks to a project supported by the 
Gates Foundation, DFID and WHO which aims to iden¬ 
tify the approaches (chemotherapy, water and sanitation 
improvement, health behaviors) needed to achieve this 
end point [26] . The chances of success are thought to be 
high because of many years of control interventions and 
the insular island biogeography that contributes to 
preventing importation of cases. Implementation will 
be organized by the Zanzibar government with assis¬ 
tance from the Ivo de Carneri Foundation on Pemba 
Island, The WHO, The University of Athens-Georgia, 
the Fondon Natural History Museum, SCI Imperial 
College, and the Swiss Tropical Institute. 
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STH (Ascaris, Trichuris, and Hookworm Infections) 

There are three separate worms which together consti¬ 
tute the soil-transmitted helminths (STH), so named 
because their life cycles do not involve an intermediate 
host. They are the roundworm (Ascaris lumbricoides ), 
the whipworm (Trichuris trichiura ), and the hookworm 
(Necator and Ancylostoma spp.). These worms inhabit 
the human intestine, with their eggs passed out in the 
feces [15-51, 52, 64]. 

Roundworm and whipworm cause infections asso¬ 
ciated with poor hygiene: good sanitation would pre¬ 
vent eggs from contaminating the environment, and 
regular hand washing when preparing or eating food 
would prevent the eggs from being ingested. Unfortu¬ 
nately in poor rural areas devoid of toilets, feces tend to 
be deposited anywhere and the roundworm and whip¬ 
worm eggs are able to develop on the soil and be ready 
to reinfect a human host by ingestion, usually on food. 
Heavy infections lead to malnutrition and growth 
stunting in children, reduced educational achievement, 
and loss of future earning power [15, 65-68]. 

The life cycle of hookworm differs because the eggs 
that are passed in the feces hatch and the larvae need to 
pass through some developmental stages before they 
are ready to reinfect a human host. Infection is 
acquired when the free-living larvae attach themselves 
to the feet and ankles of passers-by. They then penetrate 
the skin, migrate around the body, and end up in the 
intestine where they attach and gorge on blood. Those 
individual hosts who have very heavy infections will 
almost certainly develop anemia as the major result, 
which has a serious effect on young children but also on 
women of childbearing age because anemia is the major 
cause of poor birth outcomes, and infant and maternal 
mortality [52, 69-71]. 

The nationwide elimination of these worm infec¬ 
tions goes hand in glove with socioeconomic develop¬ 
ment, for example, these three worms used to be 
common in Europe and the USA, but with widespread 
access to safe water and sanitation, they have been elim¬ 
inated from the majority of developed countries. In 
South Korea and Japan, infection rates were over 80% 
following the Second World War but during a period of 
15 years this rate was reduced to less than 0.5% [72]. 

It is estimated that globally over a billion people in 
2011 do not have the water and sanitation levels needed 


to eliminate these STH and are infected with one or 
more worms in developing countries. 

Treatment 

The intestinal worms can be expelled from the body 
with a single 400 mg tablet of albendazole (or a 500 mg 
tablet of mebendazole) [62, 73]. In endemic areas 
where prevalence of infection is above 20%, an annual 
dose (or two doses when prevalence is >50%) of 
deworming tablets throughout a child’s life (from the 
age of 1 to 14) will have an amazingly positive effect on 
their growth and nutritional status, their school atten¬ 
dance, and cognitive ability [61]. 

While for many years STH deworming for 
preschool-age children has been included into immuni¬ 
zation interventions throughout the world [73], school- 
age children are usually targeted through school-based 
treatment interventions. A boost to STH deworming 
coverage has been “unintentionally” provided by the 
lymphatic filariasis (LF) elimination program (see LF 
below) because one of the drugs which has been deliv¬ 
ered in ever increasing numbers since 2000 to eliminate 
FF is albendazole [74]. Approximately two billion 
albendazole tablets have been delivered globally since 
the program began [46] , which means that the ancillary 
effect on these worms can be assumed to be significant. 

Two pharmaceutical companies have pledged drug 
donations specifically to reduce the prevalence of STH 
(for a summary of these, and other drug donations, 
see Table 4). Johnson 8c Johnson has been donating 
50 million tablets a year through the nongovernmental 
development organization (NGDO) “Children With¬ 
out Worms” since 2005 and in 2010 they pledged to 
increase their donation of mebendazole to 200 million 
tablets a year, which will be mainly used in Asia and the 
Americas. “Feed the Children International” also donate 
several million mebendazole tablets through another 
organization, “Deworm the World,” which directs the 
drug to where it is needed mostly through Ministries of 
Education. 

For Africa, GSK announced in October 2010 that 
from 2012 they will donate an additional 400 million 
albendazole tablets a year to target school-age children 
throughout the world. Over the next 5 years this will 
make a huge difference to the health and quality of life 
of the world’s children. 
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Waterborne Infectious Diseases, Approaches to Control. Table 4 The contribution of the pharmaceutical industry to 
the control of waterborne infectious diseases 


Company 

Commitment 


Merck has reconfirmed their commitment (now already over 25 years) to 
donate ivermectin (Mectizan®) for as long as needed against both 
onchocerciasis and lymphatic filariasis in Africa 

(tHJ 

GlaxoSmithKline 

GSK has already donated almost two billion tablets of albendazole against 
lymphatic filariasis and will continue until elimination is achieved. In 
October 2010, GSK committed an additional 400 million tablets a year for 

5 years to deworm school-age children worldwide 

joUmmAotimm 

Johnson & Johnson has, for several years, donated 50 million tablets of 
mebendazole per year for intestinal worms - from 2012 this will be 
increased to 200 million tablets per year 


Pfizer committed to provide doses of azithromycin (Zithromax®) for 
trachoma 

In 2009 alone they donated 50 million tablets; in 2011 that number will 
reach 70 million 


In October 2010, EISAI committed to provide two billion tablets of DEC 
against lymphatic filariasis which is used with albendazole outside of Africa 

medTpharm 

Medpharm (a generic manufacturer) has contributed praziquantel against 
schistosomiasis in the years 2004-2006 

1 

I .MERCK 

II 

1 

Merck Serono has agreed to donate 200 million tablets of praziquantel over 
10 years 


Meanwhile, both DFID and USAID support 
these donations by providing essential logistical 
and financial support for the distribution of the 
tablets. DFID currently funds delivery in eight 
African countries (Cote d’Ivoire, Liberia, Malawi, 
Mozambique, Niger, Tanzania [including Zanzibar], 
Uganda, and Zambia), and USAID in ten countries 


(see Fig. 5) and coverage is likely to expand during 
2012-2015. 

Onchocerciasis (River Blindness) 

Onchocerciasis is a “filarial” worm that is endemic 
mainly in Africa and the Americas near fast-flowing 
rivers or streams where the host fly breeds. The adult 
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Burkina Faso 


Tanzania 


Sierra Leone 

Liberia 
Cote D’Ivoire 


Ghana/Togo 


South Sudan 


Waterborne Infectious Diseases, Approaches to Control. Figure 5 

Countries in sub-Saharan Africa currently operating national or subnational schistosomiasis control programs 


worm lives in nodules in the human body and gives 
birth to larvae (microfilariae) which migrate around 
the skin waiting to be picked up when a black fly 
(Simulium species) bites. The larvae develop in the 
black fly and are then transmitted back to another 
human host when the fly next bites [51, 52]. 

Prior to the 1970s this parasite was devastating to 
African populations. The larvae were responsible for 
great discomfort due to the itching they caused. How¬ 
ever, much worse was the widespread blindness caused 
by the infection near the great rivers in Africa because 
the larvae produced by the adult worms in the human 
body migrate across the eye. As recently as 1970, up to 
50% of adult populations living on the banks of fast 
moving rivers suffered impaired vision due to the per¬ 
sistent biting of the black fly [75-78]. 

The control of river blindness represents a major 
success in disease control, perhaps, matched only by 
smallpox eradication in 1979-1980 and latterly the pro¬ 
gress toward the elimination of LF (see below). Three 
major programs (OCP, APOC, and OEPA), an insecti¬ 
cide (DDT), a pharmaceutical company (Merck), and 
a drug (ivermectin, Mectizan®) contributed to this suc¬ 
cess which is commemorated by a statue in front of the 
WHO headquarters in Geneva [79] (Fig. 6). 


The OCP (Onchocerciasis Control Program) was 
initiated in the 1970s in West Africa to control oncho¬ 
cerciasis and provided DDT to be sprayed into rivers 
to kill the black fly larvae which breed in these fast- 
moving waters and therefore, to eliminate disease 
transmission. Nine countries implemented control as 
part of the OCP and as a result their endemic oncho¬ 
cerciasis was controlled and over a 20-year-period infec¬ 
tion rates and blindness were reduced to very low 
levels [80-81]. 

Sadly the widespread use of DDT was shown to be 
environmentally unacceptable, but a major break¬ 
through saved the program when the drug ivermectin 
(Mectizan®) was found to have the effect of destroying 
microfilariae for a year after a single annual dose [82]. 
The drug manufacturer, Merck and Co., Inc., recog¬ 
nized that poor people in Africa would never be able to 
afford to purchase this drug, and so agreed to donate 
the drug to all those who live in endemic areas “for as 
long as needed” [29]. Today, some 25 years later, this 
donation continues, and in October 2010 the Merck 
commitment was renewed. Since 1986 Mectizan® has 
been distributed widely in OCP countries (and subse¬ 
quently in 19 African Program for Onchocerciasis Con¬ 
trol [APOC] countries) reaching over 50 million 
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Waterborne Infectious Diseases, Approaches to Control. Figure 6 

Statue at the World Health Organization headquarters in Geneva, of a child leading an adult blinded by onchocerciasis 
through the village (Taken from http://www.cdc.gov/globalhealth/ntd/diseases/oncho_burden.html. Photo Credit: Carter 
Center) 


people annually, and thereby saving millions of people 
from losing their sight [83]. 

The OCP closed down when its objectives had been 
met by the year 1996 but the APOC was then launched 
to oversee the distribution of Mectizan® in 19 addi¬ 
tional African countries with the help of a number of 
NGOs (The Carter Center, Sightsavers, CBM, Helen 
Keller International, World Vision) [84]. The APOC 
mandate has recently been renewed to continue treat¬ 
ment until 2020, and during that time will look at the 
possibility of a changed strategy (doubling the dosage) 
to bring about elimination in some foci instead of 
merely control. 

APOC and its partners have not managed complete 
coverage in Africa due to a complication to what 
should be a simple control program. Another parasitic 
filarial worm, Loa loa, which also produces live larvae 
that circulate in the body, coexists with onchocerciasis 
in some areas in Central Africa. Some patients with Loa 
loa when treated with Mectizan® can suffer disastrous 
consequences, such as encephalopathy [85]. Thus in 
parts of Central Africa where Loa loa is endemic, it is 
not safe to control onchocerciasis (nor LF) using MDA 
because of the possible dangerous complications. This 
is a matter yet to be resolved and further discussion is 
advocated [86]. 


The Onchocerciasis Elimination Program for the 
Americas (OEPA) is a regional initiative in the 
Americas with the goal of eliminating morbidity of 
river blindness and interrupting transmission in six 
endemic countries: Brazil, Colombia, Ecuador, Guate¬ 
mala, Mexico, and Venezuela. The OEPA strategy is to 
encourage the endemic countries to provide sustained 
Mectizan® mass treatment every 6 months with the aim 
of reaching at least 85% of 500,000 persons estimated 
to be at risk of the disease [87]. All six endemic coun¬ 
tries have established effective national programs and 
there are no new cases of blindness attributable to 
onchocerciasis in the American region. As of 2011, 
transmission is continuing in only two countries, Brazil 
and Venezuela, with surveillance in place in the 
remaining four [88]. 

In Africa, the plan for the future is continuation 
with the successful control program and annual 
Mectizan® treatments, but for the first time WHO are 
considering with selected governments the idea of 
intensifying the strategy with the aim of interrupting 
transmission permanently. It is thought that in many 
countries that have been offering annual Mectizan® for 
many years, the worms are beginning to die out and so 
by increasing frequency of treatment for a short period 
elimination maybe achievable [89]. 
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Lymphatic Filariasis 

Two filarial worms Brugia malayi and Wuchereria 
barterofti infect 120 million people globally with lym¬ 
phatic filariasis (LF), with a further 600 million at risk 
of infection. The intermediate host of these worms are 
mosquitoes of several genera, and the global distribu¬ 
tion is very extensive - Africa, the Indian subcontinent, 
many Pacific Islands, the Caribbean, and tropical 
America [90]. The deformity and misery caused by 
this disease are horrific. The adult worms live in and 
block the lymphatic system, which prevents the drain¬ 
age of lymph fluid. This causes swelling of lower limbs, 
secondary infections, and, in the case of some men, the 
scrotum becomes grotesquely swollen [91]. Meanwhile, 
the millions of larvae which the females produce circu¬ 
late in the bloodstream to be picked up by a mosquito 
for the transmission cycle to be completed. 

The Global Alliance for the Elimination of 
Lymphatic Filariasis (GAELF) is supported by many 
partners (see http://www.filariasis.org/who_we_are/ 
partners.html) and is housed at the Centre for 
Neglected Tropical Diseases (CNTD) in Liverpool. 
This alliance is probably the most successful disease 
control alliance ever formed as evidenced by the expan¬ 
sion of treatment coverage against this terrible afflic¬ 
tion (see [31, 90] and website www.filariasis.org). 
The principle is that an annual combined dose of 
albendazole with Mectizan® in Africa and albendazole 
with DEC outside of Africa given to the whole com¬ 
munity will effectively prevent transmission for a year. 
This is because the concentration of microfilariae in the 
blood will be so reduced that the biting mosquitoes will 
not pick them up [74]. Since the filarial adult worms 
live for an average of just 6 years elimination can be a 
reality if transmission can be interrupted for six con¬ 
secutive years [92-94], resulting in huge health and 
economic benefits [95-97]. 

The elimination program is being underpinned by 
the donation pledges of pharmaceutical companies, 
dating back to the late 1990s. GSK made a commitment 
to donate albendazole, and Merck 8c Co. Inc. extended 
their onchocerciasis donation of Mectizan® to include 
LF in Africa [98]. Elsewhere DEC was purchased until 
2010 when EISAI made their donation for the future. 
Currently, approximately 600 million people receive 
treatment annually against LF [46]. Delivery is being 


funded by individual governments with assistance 
from the BMGF, USAID and DFID. This emphasizes 
the capacity of major pharmaceutical companies to 
work together on a major global health problem. 

One unfortunate note is that many people in Africa 
who need treatment for LF are not yet receiving it as 
some governments are yet to embrace the value that the 
LF program provides. Approximately 80 million people 
are currently being treated annually with free drugs in 
Africa but because of the Loa loa complication [99] and 
because of the civil unrest in many parts of Africa poor 
coverage in some areas has not yet been resolved. 

Nevertheless, the LF elimination program has 
achieved some fantastic results: Egypt and Zanzibar 
[100], and most recently Costa Rica, Suriname and 
Trinidad and Tobago have stopped MDA because they 
have successfully achieved their elimination targets 
[31, 90, 101]. The new donation from EISAI in Japan, 
amounting to two billion tablets a year, will be suffi¬ 
cient to treat at least the Indian subcontinent (and 
possibly the four countries in the American continent 
that are still endemic), and raising hopes of elimination 
of LF by 2020. 

However, the drug treatments do not reverse the 
disfiguring morbidity that has already developed. For 
these cases, an individual care approach is needed based 
on hygiene and surgery, where appropriate (Fig. 7). 

Case management of such patients has expanded 
and improved, and leg washing has increased the care 
of elephantiasis patients and has led to reductions in leg 
swellings by preventing secondary infections. Hydro¬ 
cele surgery is slowly becoming more widespread as 
“surgery camps” are being established in different 
countries [102]. For example, in Niger, SCI supported 
over 600 hydrocele operations in 2010. These have been 
extremely successful and hundreds of men have come 
forward requesting the free-of-charge 20-min surgical 
intervention, performed under local anesthetic. The 
cost of each intervention at one of SCTs camps averages 
less than $200, which includes pre- and postoperative 
treatment (www.schisto.org). 

Trachoma 

Blindness due to trachoma is caused by the after effects 
of conjunctivitis due to Chlamydia trachomatis infec¬ 
tions carried by flies. Trachoma is simply a disease of 
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poor hygiene, combined with dry and dusty condi¬ 
tions, and poverty. After severe conjunctivitis the eye¬ 
lids become affected by scarring, and eyelashes are 
turned inward toward the eye and damage, and even¬ 
tually destroy the cornea over time, leading to irrevers¬ 
ible blindness. Improved water and sanitation would 
soon lead to elimination of trachoma. Meanwhile, 


treatment with Zithromax® and regular hand and face 
washing is all that is needed for prevention of new cases 
[19, 103] (Fig. 8). 

For existing trichiasis cases simple surgery can cor¬ 
rect the problem. Face washing and improved water 
and sanitation are essential components in a trachoma 
elimination strategy. The World Health Organization 



Waterborne Infectious Diseases, Approaches to Control. Figure 7 

Morbidity caused by long-term lymphatic filariasis to the (a) legs, lymphedema and (b) scrotum, hydrocele 



Waterborne Infectious Diseases, Approaches to Control. Figure 8 

(a) Trachoma is caused by the bacteria Chlamydia trachomatis which is often spread by flies in areas of poor sanitation; (b) 
Trachoma's major effects include corneal damage and irreversible blindness 
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promotes the global elimination of blinding trachoma 
by 2020 (GET 2020) through an integrated approach 
named the SAFE strategy - S for surgery, A for Antibi¬ 
otics, F for face washing, and E for environmental 
improvements to reduce the infestation of flies. The 
International Trachoma Initiative (ITI), established in 
1999, and a number of other NGDOs are very active in 
promoting eye care and control of trachoma, possibly 
combined with that of onchocerciasis where relevant. 
Excellent progress has been made in some countries, 
and ITTs flagship program has contributed to elimi¬ 
nating trachoma from Morocco [103]. 

Early treatment is effective: azithromycin - 
Zithromax®, an antibiotic for active infection, which 
is currently donated by Pfizer needs to be administered 
annually. In 2011, it is estimated that approximately 70 
million doses of Zithromax® will be distributed. A new 
website www.trachoma.org has been developed to pro¬ 
vide information about trachoma and the treatments 
provided by ITI. The target for reaching elimination of 
blinding trachoma globally remains as “2020.” As of 
this year: 

• About 41 million people have active trachoma 
needing treatment. 

• About 8.2 million people are estimated to have an 
advanced stage infection and therefore are blind or 
at risk of blindness. 

• Fifty-seven countries are endemic, with up to 1.2 
billion people living in at-risk areas. 

• Since 1999, Pfizer has donated 225 million doses of 
Zithromax®. 

Guinea Worm: A Worm on Its Own 

Imagine having a worm a meter in length crawling 
around your body just under your skin. When the 
female adult worm is ready to lay her eggs, she emerges 
through the skin around the ankle. This subsequent 
burning sensation causes the victim to bathe the leg 
in water to cool it down. This is exactly what not to do 
because the worm emerges and deposits thousands of 
larvae into the water. These larvae infect water fleas 
where they develop and subsequently reinfect humans 
when the fleas are ingested when water is directly used 
for drinking. This is Guinea worm (Fig. 9). 

The life-cycle of Guinea worm involves no animal 
host, thereby reducing the number of possible control 



Waterborne Infectious Diseases, Approaches to 
Control. Figure 9 

A photograph of the adult Guinea worm (dracunculiasis) 
slowly being extracted from its emergence point, here on 
the top of the foot (Taken from http://www.maximsnews. 
com/news20081209guineawormeradication10812090803. 
htm. Photo Credit: Photo ©The Carter Center/Louise 
Gubb, Ghana, 2007) 

targets. The control strategy is therefore based on iden¬ 
tification of infected individuals, reporting and con¬ 
tainment of cases, on behavioral change so those 
infected individuals do not contaminate the water, 
and on improved water supplies. Such combined 
efforts could and should lead to the eradication of 
Guinea worm disease. People can only get infected by 
swallowing infected water fleas. This happens only 
when people are forced to drink water from open 
ponds which contain these fleas, and this only happens 
when the water they drink has not been filtered. 

Thus eradication of this unique worm was recog¬ 
nized to be possible some 20 years ago, and WHO and 
the Carter Center have been working toward this end 
ever since. However, there is no drug treatment for 
Guinea worm; the only course open to an infected 
person is the slow extraction of the very long worm 
from the skin by gently winding the worm around 
a stick and pulling it out over several days. 

The Guinea Worm program is now moving toward 
eradication. The number of annual cases has been 
dramatically reduced from over one million in 1988 
to fewer than 2,000 in 2010; and the disease remains 
endemic in just four countries - Chad, Ethiopia, Mali, 
and Sudan (www.cartercenter.org; [ 104] ). A number of 
countries have been certified as free of transmission, 
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and there are several more countries which have not 
reported cases during the previous year (Burkina Faso, 
Cote d’Ivoire, Ghana, Kenya, Niger, Nigeria, Togo) and 
are considered to be in precertification phase. Once 
a country has been certified, there is a continued need 
for surveillance - in order to prevent reestablishment of 
transmission until global eradication is achieved. 

Cholera and Typhoid 

The bacterial infections cholera (caused by Vibio 
cholerae ) and typhoid (caused by Salmonella typhi ) 
are endemic in countries where poor water and sanita¬ 
tion prevail. However, they cause their greatest damage 
when they reach epidemic outbreaks during times of 
crisis such as after natural disasters: flood, earthquakes, 
and tsunamis. During these periods many displaced 
persons congregate in temporary camps with poor 
sanitation, and where drinking water sources are con¬ 
taminated. These really are diseases that thrive when 
basic services have broken down, and can quickly over¬ 
whelm public health services in such locations [105]. 
Cholera bacteria are most often associated with water¬ 
borne transmission, but can also be transmitted by 
contaminated food [105]. The classic symptoms of 
cholera are profuse, watery diarrhea, and vomiting, 
which can rapidly lead to severe dehydration and 
death in hours if left untreated. In addition to these 
severe sequelae of infection, there will likely be many, 
unreported cases that are asymptomatic or result in 
nonspecific mild symptoms [106]. Treatment of chol¬ 
era via oral and intravenous rehydration therapy has 
resulted in reductions in fatality rates, but it still 
remains a dreaded disease [20]. The consequences of 
infection are vomiting and diarrhea, and treatment is 
patient care and rehydration. In epidemics about 5% of 
those infected will die, but if rehydration can be pro¬ 
vided, recovery is usually achieved. Typhoid fever is 
caused by the bacterium Salmonella enterica serotype 
Typhi (S. typhi). Improvements in water and sanitation 
virtually eliminated typhoid from the majority of the 
developed world, yet it still exerts a significant pub¬ 
lic health burden in the developing world [107]. The 
most common mode of transport is through contam¬ 
inated water, or food that has come into contact with 
contaminated water, and thus is heavily associated with 
poor water and sanitation. The burden of disease is 


thought to be highest in children under the age of 5 
who suffer the most serious sequelae of infection [ 108] . 
The emergence of drug resistance to a succession of 
antibiotics, most recently to quinolones, has put great 
pressure on public health systems in resource-poor 
settings [107]. 

Dengue and Dengue Hemorrhagic Fever (DHF) 

These are acute febrile diseases, found in the tropics, 
and caused by four closely related virus serotypes, 
transmitted by the Aedes mosquito which bites during 
the day. The disease is now endemic in more than 100 
countries in Africa, the Americas, the Eastern Mediter¬ 
ranean, Southeast Asia, and the Western Pacific [109]. 
Southeast Asia and the Western Pacific are the most 
seriously affected. Before 1970 only nine countries had 
experienced DHF epidemics, a number that had 
increased more than fourfold by 1995. Not only is the 
number of cases increasing as the disease is spreading to 
new areas, but explosive outbreaks are also occurring. 
In 2007, Venezuela reported over 80,000 cases, includ¬ 
ing more than 6,000 cases of DHF [110]. 

• During epidemics of dengue, infection rates among 
those who have not been previously exposed to the 
virus are often 40-50%, but can reach 80-90%. 

• An estimated 500,000 people with DHF require hos¬ 
pitalization each year, a very large proportion of 
whom are children. About 2.5% of those affected die. 

• Without proper treatment, DHF fatality rates can 
exceed 20%. Wider access to medical care from 
health providers with knowledge about DHF - 
physicians and nurses who recognize its symptoms 
and know how to treat its effects - can reduce death 
rates to less than 1%. 

Early treatment with therapy to tackle shock due to 
hemoconcentration reductions and bleeding is crucial. 
Increased oral fluid intake is recommended to prevent 
dehydration. In extreme cases, internal gastrointestinal 
bleeding may occur requiring a transfusion. 

Unfortunately, progress on control of this infection 
has been poor. Dengue fever is becoming more preva¬ 
lent in some areas, which is cause for great concern. The 
spread of dengue is attributed to expanding geographic 
distribution of the four dengue viruses and their mos¬ 
quito vectors, the most important of which is the 
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predominantly urban species Aedes aegypti. A rapid rise 
in urban mosquito populations is bringing ever greater 
numbers of people into contact with this vector, espe¬ 
cially in areas that are favorable for mosquito breeding, 
for example, where household water storage is com¬ 
mon and where solid waste disposal services are 
inadequate. 

Future Directions 

Great progress has been made in some areas of the 
battle against waterborne diseases. Control of malaria 
has long captured the scientific community’s attention 
and with the recent Bill and Melinda Gates call to aim 
for eradication hopefully significant further progress 
will be accomplished. Control and elimination of 
some of the other waterborne diseases, such as some 
of the NTDs (schistosomiasis, STH, onchocerciasis, LF, 
trachoma), can be achieved through inexpensive 
(or even donated), effective, and easily administered 
drugs. Even more promisingly, Guinea worm is on the 
verge of becoming the world’s second major human 
infectious disease to be eradicated from the globe 
(following smallpox [111]). This has been achieved 
with no available drug; but purely through health edu¬ 
cation and behavior change. For other diseases, like 
dengue, cholera, and typhoid, the picture is bleaker; 
increases in the number of cases and their distribution 
demand that further tools be developed and greater 
effort is expended in their control. 

Clearly, for all these waterborne diseases discussed 
here, permanent change will be aided hugely by 
improvements in water and sanitation, particularly in 
the transmission heartlands of sub-Saharan Africa and 
Southeast Asia. Naturally, people will continue to be 
drawn to areas providing sources of water, and the 
exploitation of such resources will play a crucial 
role in socioeconomic development of less-developed 
countries. A multisectorial approach to disease control 
is advocated, for example, when carrying out the devel¬ 
opment of water resources (drinking water, sanitation, 
dams, hydroelectric power), a greater integration 
between engineering and health sectors is required to 
effectively combat these waterborne diseases perma¬ 
nently. In the mean time, it is advocated to use what¬ 
ever tools are currently available to reduce infection 
and transmission and ease the burden of these diseases. 
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Glossary 

Autoinfection Reinfection of a host by the progeny of 
a parasite already present in the same host individ¬ 
ual without exposure to the external environment. 

Cyst/Encapsulation A cyst is a structure to aid dissem¬ 
ination or protection of a parasitic stage derived 
from the parasite and in some cases additionally 
from the host. A capsule differs by being derived 
from the host, often as a cellular response. 

Erythema Abnormal redness of the skin due to local 
congestion as in inflammation, caused by irritation 
or injury to the tissue. 

Hermaphrodite parasite An individual containing 
both male and female gametes that can be func¬ 
tional concurrently or with one following the other; 
some able to form zygotes. 

Hypersensitivity reaction A damaging and sometimes 
fatal reaction produced by the normal immune sys¬ 
tem, which requires a pre-sensitized, immune state 
of the host. 

Life cycle of parasite The orderly sequence of distinct 
stages through which the agent progresses in the 
course of development to maturity or sexual stage. 

Life history of parasite The life cycle of an agent 
including facultative paratenic hosts, feedback 
strategies, interaction with the environment, and 
other ecological influences. 

Paratenic host A specific host, also termed “transport 
host,” which acquires a stage of an agent that does 
not develop to the subsequent stage and can be 
either acquired by another paratenic host or by 
a final host; that host can be critical in completing 
a life cycle. 

Pathogenesis The production or development of a 
disease, specifically the cellular reactions and other 
pathologic mechanisms occurring in the progres¬ 
sion of the disease. 

Reservoir host A definitive host that serves as an 
alternant relative to the host of interest for an agent 
that disseminates infective stages. 

Salinity An expression of concentration of salts 
dissolved in water, including primarily chloride, 
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sodium, magnesium, sulfur, calcium, and potas¬ 
sium but with other elements in low concentra¬ 
tions. It is usually expressed as parts per thousand 
(ppt) or parts per million (ppm) and usually 
based on the electrical conductivity ratio of the 
sample to “Copenhagen water,” an artificial seawa¬ 
ter manufactured to serve as a world “standard” 
or more recently in practical salinity units (psu) as 
the conductivity ratio of a seawater sample to 
a standard KC1 solution. Full strength seawater is 
considered 35 ppt, or 35 g of salt per liter of 
solution; salinity in estuaries can fluctuate from 
0 to over 35 ppt daily, seasonally, or yearly, 
depending on winds, rain, currents, temperature, 
and geography. 

Urticaria An allergic reaction comprising pale, pink, 
focal swellings, or wheals, on the skin that itch, 
burn, or sting; also referred to as “hives.” 

Zoonosis An animal disease transmissible to humans 
under natural conditions or a human disease 
transmissible to animals. 

Definition of the Subject and Its Importance 

Several parasites that infect marine and coastal animals 
or contaminate the marine and coastal waters can 
infect humans and present a significant public health 
risk. Historically, parasites from the marine environ¬ 
ment were ignored as representing a risk. More 
recently, more researchers have investigated actual or 
potential human marine infections; easily observable 
worms and other metazoans have been experimentally 
studied to determine if they can infect model mam¬ 
mals; some humans are now more likely to come into 
contact with infective parasites; immunocompromised 
people are more susceptible to parasitic infections; 
molecular methods have been used to differentiate 
known or potential infective parasitic species; 
improved molecular and serological methods have 
been developed to detect known protozoan and meta¬ 
zoan parasites; and infectious parasites have been 
investigated in detail. As discussed in this chapter, 
some parasites involved with marine waters and seafood 
products can kill large numbers of people, other fatal 
ones are rare, many cause human illness, and infections 
or the possibility of infections keeps people from eating 
seafood or entering marine waters. Moreover, the 


economic loss of seafood products from actual or 
perceived problems involving parasites in seafood 
caused by media exposure can be significant [1, 2] just 
as it is when involving perceived contamination of 
seafood by oil or other toxicants (gulfseagrant.tamu. 
edu/ oilspill/ pdfs/latourismPerception_BPOilWave 1 .pdf) . 

Introduction 

Textbooks once considered parasites of marine origin 
or those in the marine environment as posing no public 
health risk. Over the last few decades, more and more 
parasites in different groups have been determined to 
be zoonotic agents that either are known to infect 
humans or can serve as a potential public health risk 
based on experimental infections in nonhuman mam¬ 
malian hosts or are closely related to known human- 
infecting agents. These parasites include metazoans and 
“protozoans” that occur in water or in seafood products. 
Protozoa occurs in quotation marks because its historic 
higher taxonomic groups are not necessarily closely 
related [3] and some include stages with more than 
one cell. For example, a single myxosporidian spore 
may develop from a stage consisting of 13 cells, and 
molecular data demonstrate no relationship between 
Myxosporea and any group consisting of members with 
single cells and recognized as a protozoan. At least one 
metazoan taxonomic group, ascaridoid nematodes, has 
members that produce excretions and secretions (ES) 
that are potentially harmful to susceptible people. 

Numerous factors are involved with risk of infec¬ 
tion. For example, the likelihood of a visitor or traveler 
getting infected by eating raw seafood in well-known 
urban Japanese or other Asian restaurants is relatively 
low, but dining in rural local restaurants or street shops 
has a higher risk of infection with a variety of parasites 
[4]. The highest worldwide risk for a helminth infec¬ 
tion is from preparation of raw or inadequately cooked 
seafood at home. This is usually because restaurants 
typically use products historically known not to be 
infected in the region from which they were collected 
or the products were frozen and then thawed. Public 
health risk also occurs for personal contact with 
parasites for people using coastal and marine water 
for either occupation or recreation. 

An apparent increase in human infections has 
occurred because of increased opportunities to get 
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infected. (1) A global spread and increased popularity 
of “exotic cuisines” at least partially relates to increased 
human infections because of the increase in various 
media such as television and magazines. This has led 
to an increase in homemade raw seafood products, 
which are much more likely to contain infective 
parasites than products served in restaurants. (2) The 
increased popularity of raw products also relates to 
an increase and translocation of people throughout 
the world. People that move or visit abroad take their 
cuisines with them. They may eat infected products 
in their new surroundings that are similar to the 
uninfected products they ate in their native country. 
They can also spread their diseases as they travel, 
allowing new intermediate hosts and reservoirs to 
become established. (3) Much of the world’s popula¬ 
tion is becoming more affluent, and with that more 
people are able to try new cuisines. Also, there is 
more opportunity to partake of established cuisines. 
For example, in Vietnam the improved economy 
has increased the traditional social activities that are 
conducive to eating more raw seafood and, conse¬ 
quently, acquiring more parasites. (4) With the 
resulting increase in people and demand for healthy 
fishery products, there has been increased utilization of 
different fishing grounds, species, and stocks. Even 
though some stocks are overfished, methods are now 
available for ships to go farther to sea or deeper to catch 
replacement products, possibly with improved trans¬ 
portation and storage systems. When a specific fish is 
assumed to be free from parasites harmful to humans, 
when the same species is caught in a different location, 
when it is maintained on a vessel longer, or when it is 
produced on fish farms, that resulting fish product may 
have or it may acquire harmful parasites. Also, fishing 
a previously underutilized species may result in 
obtaining an infected stock. (5) Regulations such as 
those protecting specific animals may result in an 
increased public health risk. For example, protecting 
seal pups and reducing seal fashions increases the final 
host population for Pseudoterranova spp., which results 
in a heavily infected cod intermediate host population. 
Also, the need to discharge fisheries wastes from com¬ 
mercial and subsistence vessels results in increased 
infections in fishes and marine mammals that feed on 
the wastes. Alternatively, regulations in some countries 
are lacking in regard to fishery products or for 


imported fishery products but not necessarily all 
meats, leaving consumers with the false impression 
that the products are safe. (6) Climatic and environ¬ 
mental health conditions are always changing, and, 
with those changes, infection dynamics of parasites 
quickly change. For example, during the El Nino of 
1997-1998, the junction of the warmwater Kuroshio 
Current from the south with the cool Oyashio Current 
from the north moved 3,000 km northward from 
Kyushu to Hokkaido, Japan. This migration of the 
current’s junction and its temperature elevation of 
3.4°C caused an increase in abundance of krill, the 
intermediate host of Pseudoterranova azarasi and 
members of the Anisakis simplex complex. The sea 
lion final host of P. azarasi occurred in Hokkaido but 
not Kyushu, and, in addition, protected cetaceans that 
are the final hosts of A. simplex sensu lato migrated 
north so as to feed heavily on krill or on fish that ate the 
krill, acquiring the juvenile nematodes from them. 
Consequently, the Japanese used to eating nearly para- 
site-free seafood from Hokkaido began acquiring infec¬ 
tions. In contrast, pollution from Southeast Asia kept 
some fish intermediate hosts of A. simplex sensu lato 
from migrating to Japan, especially to southern Kyu¬ 
shu, reducing the number of anisakiasis cases there [5]. 
Each few years, climate in some regions worldwide 
changes enough to influence the seafood production 
and the parasitic infections. (7) Reduced resistance in 
some people because of disease, organ transplants, or 
immunosuppressive drug therapy relate to an increased 
susceptibility to various parasites, especially parasites 
that can replicate in or on humans with being chal¬ 
lenged by an additional dose of parasites. 

Increased documentation of human infections 
results from increased technical abilities. (1) Improved 
media coverage allows people to know when an epi¬ 
demic occurs. It also stimulates potentially infected 
people to get examined, sometimes unnecessarily and 
to the detriment of the seafood industry. (2) Diagnostic 
tests are becoming better and more available both 
because of research plus technical advancements and 
because various funds are made available to survey 
regions or satisfy needs. (3) The same can be said for 
accurate identifications. Molecular means make it easy 
to detect parasites that cannot be seen grossly or 
a juvenile that cannot be morphologically associated 
with an adult, upon which the species has been named 
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and described. (4) With good identifications and detec¬ 
tion methods, more critical examinations can be 
obtained and compiled, allowing for useful epidemio¬ 
logical assessments. 

The organization involves five sections. The first 
treats parasites that people acquire from the marine 
environment by eating seafood. The second treats 
those where people get infected with parasites by con¬ 
tact with them, either directly by active penetration 
by the parasites or indirectly by passive association 
with the agents. In the third, people get disease from 
allergens from parasites or parasite products. This is 
followed by a section on management, control, and 
treatment of the infectious parasites. The final section 
briefly examines what is required in the future to 
reduce, eliminate, or keep infections under control. 
In the first section on acquisition of parasites by eating 
inadequately prepared food, examples are divided 
into those that mature in humans and those that 
do not. The reason for this is that worms that mature 
in humans are voided or produce eggs that can be 
detected in fecal examinations. Those parasites that 
do not mature in the patient or produce cyst dispersal 
stages are more difficult to detect without immunolog¬ 
ical or invasive techniques. Moreover, the consumer 
not able to provide proof of a parasitic infection is 
less likely to find medical help, and the medical com¬ 
munity is less likely to specifically diagnose, report 
the condition, or show a follow-up interest in the 
case. Several of these agents that have not yet been 
reported are treated as potential public health risks. 
The first two sections are each divided by taxonomic 
groups. In some cases the same parasites or members 
of the same parasitic group fit into more than one 
section, and the possible confusion is discussed in the 
different cases. 

Parasites Acquired When People Eat Infected 
Seafood Products 

Zoonotic parasitic diseases acquired by eating inade¬ 
quately prepared infected seafood products include 
most of those treated by disease researchers and 
reported in recent literature. Some of the responsible 
agents are seen grossly, such as 5-10 m of senile cestode 
strobilae protruding out of the anus of alarmed seafood 
consumers or a 4-cm-long ascaridoid nematode being 


vomited or passing out through the nose of someone 
recently eating uncooked cod. Most zoonotic diseases 
are recognized by the signs of a disease or fortuitous 
findings of diagnostic features. Not all infections are 
diseases. A few hundred small marine heterophyids 
probably can line the human intestine without 
apparent symptoms, but more may cause pathological 
alterations and result in disease. A lot of factors involv¬ 
ing the patient and the history of the infection can 
influence the alterations. Perhaps easier to envision 
would be a non-marine example of the hookworm 
Necator americanus. A barefoot boy can pick up a few 
dozen juveniles penetrating his feet from the warm, 
moist soil. There may be a slight itching and rash 
where the juveniles enter, but as they are carried to 
the lungs, pass up the respiratory tract to the mouth, 
are swallowed, and ultimately attach to the intestine 
as 7- to 11-cm-long adults, they produce no symptom. 
On the other hand, increase the number, say above 50, 
and pathological changes can occur during all the 
phases. Most important, once attached, the blood 
loss becomes enough to produce anemia and protein 
deficiency, and the resulting loss of iron and protein 
may retard growth and mental development. This 
will be associated with abdominal pain, diarrhea, loss 
of appetite and weight, and “disease.” Numbers of 
worms alone can shift an “infection” without disease 
to a “disease.” 

Parasites That Mature in Humans 

Helminths (Worms in General) Most agents that 
mature in humans are helminths. Helminth diseases 
consist largely of those acquired by eating inadequately 
prepared seafood products usually infected with 
platyhelminths and nematodes, but occasionally with 
other agents. Some agents are freshwater parasites that, 
because of their complicated life cycles, have one or 
more stages that enter the coastal or marine environ¬ 
ment. Presently, several of these are treated as freshwa¬ 
ter cases because of the epidemiological aspects of 
the case. As more cases are studied, more human infec¬ 
tions that involve strictly marine parasites will be 
demonstrated. 

Many more cases of marine helminth infections 
probably exist than are reported or recognized by 
physicians. Surveys involving fecal examinations 
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exhibit adult worms or their eggs, but, for a variety of 
reasons, the samples are difficult to acquire and the 
corresponding infections are difficult to correctly 
diagnose or get reported. Most medical attention is 
not likely to culminate in confirmed reports of iden¬ 
tified agents because physicians or technicians not 
familiar with proper techniques, means to correctly 
identify the agents, or people to consult are interested 
in treatments and not the specifics of a parasitic infec¬ 
tion. Even when treated, the patient never knows what 
was causing the signs of disease because the agents are 
killed and digested or degenerate. On the other hand, 
in some countries where considerable raw or insuffi¬ 
ciently prepared seafood is consumed, attention by 
researchers and the medical community results in an 
abundance of case reports. The Japanese and Koreans 
provide good examples of documented cases of infec¬ 
tions by marine parasites. 

Platyhelminths consist mostly of hermaphroditic 
soft-bodied worms. Those hermaphrodites of medical 
marine significance are cestodes (tapeworms) and 
trematodes (flukes), and most of those that mature in 
humans were consumed as larval stages. For many, the 
taxonomic identification is confused and the life cycle 
is partially or fully unknown. Moreover, infections are 
often undiagnosed because fecal examinations are not 
always conducted or are conducted by those without 
parasitological training. Moreover, the eggs of many 
species are similar in appearance. 

Cestodes Cestodes infective to humans from marine 
hosts are members of the family Diphyllobothridiidae 
in the Diphyllobothriidea, previously classified in the 
artificial assemblage Pseudophyllidea, now represented 
as comprising two unrelated clades, “Bothriocephalidea” 
and “Diphyllobothriidea” [6] . Diphyllobothrium latum is 
the best known member of the group, and it is consid¬ 
ered a freshwater member with a cyclopoid-freshwater 
fish-bear/human/vertebrate cycle. Unpublished studies 
attempting to infect Mississippi marine fishes with the 
agent were unsuccessful; most copepod species devel¬ 
oped a strong cellular response to the larva, and a mix¬ 
ture of “infected” copepods did not produce an infection 
in the Atlantic croaker. However, five human infec¬ 
tions reported from eating the estuarine mullet Liza 
haematocheila in Korea were identified as D. latum 
on the basis of morphological characteristics [7]. 


Molecular tools should be able to confirm that identi¬ 
fication as those tools have confirmed or corrected 
identifications of other species mentioned later. 

Many human case reports have been identified as 
Diphyllobothrium pacificum , which typically matures 
in the pinnipeds. A recent taxonomic assessment of 
D. pacificum [8] involved numerous available speci¬ 
mens of variously misidentified species, including 
D. latum and D. pacificum. As it turned out, the classic 
publication [9] reporting human infections by 
D. pacificum in Peru was actually dealing with Diphyllo¬ 
bothrium arctocephalinum. Both D. pacificum and 
D. arctocephalinum occur along the South American 
Pacific coast in fur seals and secondarily in humans, 
with D. pacificum ranging north into Alaska and 
Japan and D. arctocephalinum restricted to the South¬ 
ern Hemisphere, ranging south to South Australia 
and South Africa [8]. In one review, there are ten 
reported species of Diphyllobothrium from humans 
[10], including 6 from Japan [11], and in another 
there are 15 species [12]. Of the latter 15, not including 
D. arctocephalinum , there are eight nominal species 
in marine final hosts that also have been reported 
from humans: Diphyllobothrium earneroni (Hawaiian 
monk seal), Diphyllobothrium cor datum (Arctic seals, 
walruses), Diphyllobothrium hians (Arctic seals), 
Diphyllobothrium orcini (killer whale), D. pacificum 
(sea lions, eared seals), Diphyllobothrium scoticum 
(leopard seal, southern sea lion), and Diphyllobothrium 
stemmacephalum (harbor porpoise, bottlenose dolphin). 

The species commonly infecting humans in Japan 
and previously referred to there as D. latum has been 
confirmed as Diphyllobothrium nihonkaiense ([8, 12], 
and others) (Fig. 1). The brown bear ( Ursus arctos ) is 
its natural definitive host, but it commonly infects 
humans, with some preserved worms measured as 
long as 8.8 m. Since infections are acquired from Pacific 
salmons (mainly cherry, pink, and chum salmons 
plus the Japanese huchen), either from the sea or just 
leaving the sea, it is considered a marine infection. 
Molecular studies have shown that human infections 
in Far East Russia up to the Kamchatka Peninsula 
reported as Diphyllobothrium klebanovskii are conspe- 
cific, identical to D. nihonkaiense. Molecular sequences 
also suggest the existence of two genotypes, biologically 
homogeneous populations not defined by locality [ 13] . 
Infections also involve consumers in Canada [14]. 
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Waterborne Parasitic Diseases in Ocean. Figure 1 

Author in Meguro Parasitological Museum, Tokyo, Japan, 
standing next to an 8.8-m-long specimen (> 10 m before 
fixation) of the tapeworm Diphyllobothrium nihonkaiense 
and the curators, the late Shunya Kamegai on right and Jun 
Araki on left 

Moreover, salmon are exported to many countries, 
resulting in genetically confirmed infections in con¬ 
sumers in France and Switzerland [15] as well as New 
Zealand [16]. Another “freshwater” species, Diphyllo¬ 
bothrium ursi , also infects salmons and both brown and 
black bears as well as humans and dogs that feed on 
salmon or eat salmon-liver paste [17]. Cestodes and 
other parasites maturing in terrestrial definitive hosts 
that infect anadromous fishes such as Pacific salmonids 
or their freshwater fish or invertebrate hosts can be 
eaten by marine fishes, which in turn, serve as paratenic 
hosts. On the other hand, freshwater fishes can become 
paratenic hosts of helminths of marine origin. They 
can feed on infected marine fishes entering brackish 
river mouths or lower reaches of the rivers, or they 
can feed on anadromous fishes migrating upstream. 
A confirmed example is the plerocercoid of Diphyllo¬ 
bothrium alascense of dogs and rarely humans from 
the anadromous boreal smelt (Osmerus mordax) 
being transferred to the paratenic freshwater burbot 
(Lota lota) [18]. 

Members of Diplogonoporus have been reported 
from over 200 people in the twentieth century. Most 
cases have been identified as D. balaenopterae , or the 
names are probably synonyms of that species, a species 


that infects consumers in Japan but also Korea [12, 19]. 
A case from Spain probably represents infection from 
fish imported from the Far East [20]. Genetic analyses 
of 18S rDNA, ITS1, and coxl nucleotide sequences of 
isolates were obtained from five Japanese cases [21]. 
The phylogenetic analysis of that material revealed little 
divergence and a close relationship to Diphyllobothrium 
stemmacephalum , a species maturing in the harbor 
porpoise and bottlenose dolphin rather than in whales 
as in D. balaenopterae. Data suggest that not only is 
Diplogonoporus paraphyletic, but those genetic data 
show that so are Spirometra folium and Spirometra 
decipiens [22]. 

Coastal Peruvians of ancient times had infections of 
Diphyllobothrium sp. as determined from coprolites 
[23], but infections of D. pacificum recently seem to 
be less prevalent in the northern Pacific Ocean, resulting 
from decreasing numbers of marine mammals and com¬ 
mercially important fishes like the pollack [8]. 

Not only have diphyllobothriid species been 
misidentified in the past, but human infections have 
been and will probably continue to be missed in many 
cases. They are most easily detected when a human 
expels lengthy portions of senile strobilae. Signs are 
variable but usually not severe [11, 24]. Most cases are 
probably not reported. The author did not experience 
any symptoms from an infection of four long speci¬ 
mens of D. latum other than mild discomfort several 
hours prior to periodic release of senile strobilae. 
The treatment of choice for the adult tapeworm 
infections in humans is a single dose of praziquantel 
(10-20 mg/kg) plus 30 g of magnesium sulfate as 
a purgative, if specimens are to be adequately studied. 

Trematoda (Digenea, Flukes) Trematodes have a 
molluscan first intermediate host from which free-living 
cercariae are shed. The cercaria of most groups encysts 
or becomes encapsulated as a metacercaria in a second 
intermediate host, and this metacercaria matures as 
a hermaphroditic individual in a vertebrate final host 
when the second intermediate host is eaten. Because 
there are so many trematode taxonomic groups and 
species, there are numerous exceptions to the basic life 
cycle, and some of these involve species that can infect 
humans. For example, the well-known freshwater sheep 
liver fluke, Fasciola hepatica , encysts as small white 
spherules (metacercariae) on vegetation. Most people 
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that get infected do so by eating raw watercress on 
which the metacercariae have encysted. Schistosomes 
do not encyst but develop through the juvenile stage 
(schistosomula) in the final host where they ultimately 
mature in a blood vessel as separate male and 
female worms. 

Depending on the taxon, the larval stage in the egg 
(miracidium) either hatches and penetrates its mollus- 
can host or hatches after being eaten by a specific 
mollusk. The germ cells develop through a series of 
two or more asexual phases before shedding a contin¬ 
ual production of hundreds to millions of infective 
cercariae. Some species have broad specificity in the 
molluscan, second intermediate host, or final host. 
Second intermediate hosts differ by family of trema- 
tode, but those discussed below include fishes, crusta¬ 
ceans, insects, mollusks, and none. Most of those 
marine/estuarine species reported from humans 
have a broad specificity of mammal or avian hosts. 
Most are rather small intestinal worms that necessitate 
a microscope to detect them unless hundreds are 
present, and each of these produces a continuous flow 
of a large number of small (25-30 pm long) eggs in the 
human feces for weeks or years. Most species are diffi¬ 
cult to obtain in a healthy condition after medicinal 
treatment, are not transferred from the medical com¬ 
munity to taxonomic parasitologists, are difficult to 
distinguish from one another, and produce minimal 
symptoms in light infections. Consequently, the num¬ 
ber of human-infecting species and the prevalence 
and intensity of infections with marine trematodes 
are most certainly underestimated. Most of what is 
known has come from parasitologists within the med¬ 
ical community of Japan and Korea, where consumers 
eat an abundance of raw and “inadequately” prepared 
seafood products. 

According to recent literature [25], an estimated 18 
million people are infected with fish-borne intestinal 
trematodes. This was considered an underestimate, 
and it included some freshwater species. In the 
Republic of Korea, 17 species represent five families 
(Heterophyidae, Echinostomatidae, Plagiorchiidae, 
Neodiplostomidae, and Gymnophallidae) [26]. Of 
those, ten are heterophyids and, of those, seven are 
prevalent among residents who consume raw flesh 
from estuarine fishes in south and west coastal areas 
[25-27]. Those are Heterophyes nocens , Heterophyopsis 


continua , Pygidiopsis summa , Stellantchasmus falcatus , 
Stictodora fuscata , Stictodora lari , and Acanthotrema 
felis. Documentation of all food-borne trematodes in 
humans includes 70 species in 14 families [25], but 
several are not from marine hosts and presently 
infected people are estimated to surpass 50 million. 

Heterophyidae (Opisthorchioidea) . As with zoonotic 
infections from eating fishes in Japan, Korea, China, 
and Thailand, such infections from Vietnam are 
now being recognized as a food safety risk in a country 
whose people have a strong tradition of eating raw fish 
[28]. The heterophyids use a snail first intermediate 
host, a fish second intermediate host, and either 
a bird or mammal definitive host. A prevalence of 
heterophyid infections with Haplorchis pumilio 
(100%), Haplorchis taichui (70%), Haplorchis 
yokogawai (6%), and S. falcatus (3%) was determined 
from expelled (25 mg/kg praziquantel, followed by 
a saturated solution of magnesium sulfate) adult 
worms in a survey of residents from coastal Nam 
Dinh Province south of Hanoi in 2005. The recent 
finding of those parasites in Vietnam suggested to 
the surveyors [28] that some may be introduced 
rather than endemic, increased in magnitude with 
intensification of aquaculture, or increased because 
of increased consumption and importation of raw 
fish. Difficulty presently exists in determining from 
which fishes the infections are acquired in people 
throughout Vietnam as well as the rest of the 
world where people eat raw fishes. Human-infecting 
species are beginning to be recognized in food fishes as 
those fishes are examined for parasites. For example, 
examination of wild and cultured grouper ( Epinephelus 
bleekeri , duskytail grouper, and Epinephelus coioides , 
orange-spotted grouper, both marine species) have 
revealed Heterophyopsis continua and Procerovum 
varium (recognized as a freshwater parasite), and 
examination of mullet ( Mugil cephalus ) have revealed 
Pygidiopsis summa and H. continua from brackish 
water in Khanh Hoa Province in central coastal 
Vietnam [29]. The long tradition of eating raw fish 
has intensified with increasing affluence; a higher 
prevalence between men (69%) and women (23%) 
can be explained because the social gatherings where 
consumption of raw or pickled fish occurs have 
historically been male-oriented [28]. Concern exists 
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for the exportation of infected fresh fishes, some 
freshwater species, because aquaculture in rural 
Vietnam is increasing in economic importance [30]. 

Human infections have been known from Japan 
for decades even though most are freshwater species 
[25]. All three species of Metagonimus are freshwater 
species in regard to the snail host, but, in Korea, one, 
Metagonimus yokogawai , infects a marine fish, which 
consumers eat raw. Actually, an amphidromous fish, 
the sweetfish, Plecoglossus altivelis , spawns in rivers 
near the sea. Then, the fish fry feed on plankton at 
sea until 5-7 cm TL at which time they enter into the 
river mouths. Infections can be acquired from the fish 
in estuarine habitats. Sequence data readily separate the 
three species [31]. 

In the Western Hemisphere, there are several 
heterophyids that present a human health risk. For 
example, in the USA, species of Phagicola represent 
one of several potential infectious genera (not 
accepting Phagicola as a junior synonym of Ascocotyle). 
Knowledge about human infections from the Southeast 
US has not progressed much beyond anecdotal 
mention [1], but Phagicola nana (Fig. 2) from several 
fishes [32], Phagicola longa [33] from mullets (Fig. 3), 
and several other species (Fig. 4) probably occur in 
many consumers who eat inadequately prepared fish. 



Waterborne Parasitic Diseases in Ocean. Figure 2 

Living encysted metacercariae of the heterophyid 
Phagicola nana in fillet of largemouth bass, Micropterus 
salmoides, from Mississippi estuary. The cysts average 
0.30 mm across 


Heterophyes heterophyes , a heterophyid from the 
Middle East has been reported from fish-eating 
patients in Florida never having left the USA [34, 35]; 
these infections were most likely species of Phagicola. 
Actually, even capillarid eggs get misidentified as those 
of H. heterophyes in Egypt, where the trematode is 
common [36]. Unlike many heterophyids in the USA 
that exhibit a high “site specificity” in the second inter¬ 
mediate fish hosts, meaning found in one or few 
specific organs or tissues, P. nana occurs in many 



Waterborne Parasitic Diseases in Ocean. Figure 3 
Mounted and stained adult specimen of the heterophyid 
Phagicola longa from an experimental infection originating 
from a metacercaria in Mugil cephalus from Mississippi 



Waterborne Parasitic Diseases in Ocean. Figure 4 

Living encysted metacercariae of the heterophyid 
Phagicola diminuta in gills of Gulf killifish, Fundulus grandis, 
a bite-sized fish from Mississippi estuary 
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tissues such as the muscular fillets in addition to the 
viscera, gills, and other sites [32]. Moreover, P. nana 
infects a few different fishes such as the largemouth 
bass ( Micropterus salmoides ) and several sunfishes 
(Centrarchidae), popular recreational fishes in estuar¬ 
ies of the Southern US that are consumed in a variety 
of cuisines. Most heterophyid species infect speci¬ 
fic organs in specific small fishes that are eaten raw in 
their entirety by specific groups of people, if eaten at all. 
As with several different parasites, some heterophyids 
that constitute public health risks constitute species 
complexes that are difficult to distinguish by morpho¬ 
logical features. For example, what is commonly 
reported as Centrocestus formosanus is a mixture of 
morphologically similar species. Members of this com¬ 
plex are common in the Far and Middle East, but some 
apparently have been introduced into Hawaii, USA 
mainland, and Mexico through introduced infected 
snails ( Melanoides tuberculatus ) in the aquarium trade 
on vegetation and with fishes [37]. Members of this 
basically freshwater heterophyid complex infect a large 
number of fish hosts, including some estuarine species. 

The reason for stressing heterophyids is because, 
even though most species measure 1 mm long or less, 
they often occur in large numbers, influence public 
health, and can result in severe pathological changes 
in humans. A series of studies in the 1930s based on 
human infections in the Philippines was summarized 
in 1940 [38] . Five heterophyids were identified from 33 
of 297 autopsy cases, not all randomly chosen: 
H. yokogawai (16 cases, 13 alone), H. taichui [5], 
Haplorchis calderoni [2], Haplorchis vanissima [1], and 
Diorchitrema pseudocirrata [6]. These occurred either 
singly or with other species. The other species consisted 
of the microphallid Microphallus hrevicaecum , which 
was originally identified as a heterophyid ( Heterophyes 
hrevicaeca but later recognized as Spelotrema brevicaeca) 
(in 11 cases), an echinostomid identified as Euparyphium 
ilocanum [2], and an unidentified plagiorchiid 
(Plagiorchis sp.) [1], plus the common heterophyids 
already listed. All the trematodes occur normally in 
the intestine, where lesions were not found to be severe. 
More important, eggs of the heterophyids H. yokogawai 
and H. taichui and the microphallid M. brevicaecum 
were also associated with acute and chronic lesions in 
the heart and other visceral organs such as liver, spleen, 
kidneys, brain, spinal cord, and lungs. Diorchitrema 


pseudocirrata also occurred in some of those lesions in 
mixed infections but never by itself. Worm eggs, espe¬ 
cially from degenerated adults, enter into the blood and 
lymphatic streams and are carried to different visceral 
tissues where they provoke the cellular reactions. Adhe¬ 
sions and hemorrhaging were common complications. 
Of 34 positive cases (1 did not exhibit an intestinal 
infection), 15 (44%) had visceral complications (1 in 
brain with fatal hemorrhaging, 1 in spinal cord, and 
13 in heart). Of 89 enlarged hearts in these charity 
patients in the Philippines, the 13 (15%) with myocar¬ 
dial or valvular lesions associated with worm eggs were 
assumed to have caused the heart dysfunction, a value 
attributed to heterophyid-caused fatal heart disease 
[39]. Adult worms (Fig. 5) identified as Heterophyes 
heterophyes also encapsulate in the human brain [40]. 



Waterborne Parasitic Diseases in Ocean. Figure 5 
Close-up of living 0.8-mm-long adult specimen of the 
trematode Heterophyes sp. from Bardawil Lagoon, 
Northern Sinai, Egypt, showing diagnostic sclerites in the 
modified genital sinus, often misstated as a "gonotyl," 
below the ventral sucker 
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An enormous number of infective metacercariae 
can occur in some habitats. To appreciate the 
life cycle, each adult out of the thousands that can 
be present in the intestine of a human or in that of a 
domestic dog or cat produces thousands of eggs, with 
several hundred laid daily for several weeks or months. 
One dog was reported to host 13,000 specimens of 
H. heterophyes. Each egg produces a miracidia that 
can infect a snail. In the lakes along the Nile Delta 
and in the Bardawil Lagoon, over 90% of the host 
snail population can be infected (Figs. 6, 7). Just short 
of 500 cercariae can be released from each of the 
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Street vendors selling fresh fish in El Arish, Northern Sinai, 
Egypt 
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Close-up of activities in Fig. 6, showing vendor displaying 
salted mullet. A regulation at the time was to keep fish 
salted for 8 days before selling them to the public. Eight 
days was necessary for the heavy infections of heterophyid 
metacercariae to lose their infectivity 


abundant snails daily for a year, but with decreasing 
cercarial production over time. Each cercaria survives 
1-2 days, and mullets are common hosts. Eleven ema¬ 
ciated specimens of Liza ramada contained 1,730- 
6,000 metacercariae per gram for an estimated 
582,000 metacercarial cysts in one 255-mm-long fish. 
A specimen of Mugil cephalus from the same location 
had 1,136 metacercariae per gram [41]. Fishermen, 
seafood dealers, children of those people, and those 
who taste fish being prepared commonly become 
infected because the rules established for protection 
of the consumers buying the products are not always 
followed by the handlers. Moreover, fishermen do not 
always completely cook their fish. 

Microphallidae (Microphalloidea). Members of 
small intestinal trematode complexes other than 
Heterophyidae also have been misidentified. 
Microphallidae constitutes one of those families. One 
or more microphallid members also have a relatively 
broad specificity of the final host and can also cause 
severe potentially fatal pathologic lesions [38, 42]. As 
mentioned above, Microphallus brevicaecum from 
shrimp has been determined to be the cause of 
human mortalities in the Philippines. Microphallids 
are superficially similar to heterophyids and also 
infect birds and mammals and occasionally fishes, 
reptiles, and amphibians, but the microphallids have 
entirely different cercariae, differ phylogenetically, and 
use crustaceans such as crabs and palaemonid and 
peneid shrimps as second intermediate hosts rather 
than fishes. 

Troglotrematidae (Gorgoderoidea). Nanophyetus 
salmincola is another small, about 1-mm-long, 
trematode that infects the intestine of numerous 
mammals, including humans. In fact it is probably 
unknowingly the most common helminth in people 
of the North American Pacific Northwest. It produces 
gastrointestinal distress, fatigue, loss of weight, and 
peripheral eosinophilia when numerous specimens 
occur in humans, and can be diagnosed easily from 
its relatively large, 0.090-0.100-mm-long, diagnostic 
eggs that appear in stools about a week after eating 
infected fish. No symptom occurs in most light 
infections. Basically a freshwater parasite, cercariae 
form metacercariae in several salmons and steelhead 
trout ( Oncorhynchus mykiss , also known as sea-run 
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rainbow trout) as well as freshwater fish and 
amphibians that do not make oceanic migrations. 
Infections in the Pacific Northwest are attributed to 
eating raw, incompletely cooked, cold-smoked salmon 
and steelhead trout and their eggs [43]. A second 
species, Nanophyetus schikhobalowi , needs to be 
studied molecularly to determine if it is conspecific 
with N. salmincola. It had been demonstrated to 
infect as many as 98% of the people in some eastern 
Siberian villages. 

The trematode in the Pacific Northwest serves 
as host for the rickettsial agent, Neorickettsia 
helminthoeca , which in turn causes “salmon poisoning 
disease” of canines. Dogs that are fed infected salmon 
may die, but humans and other non-canines are not 
known to be affected. Nevertheless, the loss of dogs in 
the Arctic can be a serious problem. 

Gymnophallidae (Gymnophalloidea) . Gymnophallids 
mature in shore birds, gulls, and diving ducks. 
However, members of Gymnophalloides also infect 
mammals. Human infections with Gymnophalloides 
seoi are known only from Korea, but most are tiny, 
<1 mm, and it and other species all use a variety of 
mollusks as first and second intermediate hosts and 
probably infect people throughout the world where 
mollusks are consumed raw. Gymnophalloides seoi is 
acquired primarily from eating the raw oyster, 
Crassostrea gigas , known as the Japanese oyster, Miyagi 
oyster, giant oyster, immigrant oyster, and giant Pacific 
oyster, and infects the intestine and possibly pancreatic 
duct of human consumers [25, 27]. Nevertheless, like 
G. seoi, which infects the Palearctic oystercatcher, 
Haematopus ostralegus, most members of this genus 
can be experimentally administered into a variety 
of birds and mammals, suggesting the human health 
risk. Studies with mice demonstrate that G. seoi 
produces focal responses for 2-3 weeks, at which time 
the mucosal integrity is restored. If provided with 
immunosuppressive treatment, the mice underwent 
minimal goblet cell hyperplasia, extended retention 
of worms, and invasion of the submucosa. Even 
though genetics of hosts also play a role in this 
sequence, immunosuppressed humans are at risk for 
transference of eggs and worms to remote organs as 
with heterophyid infections. With a relatively low 
production of eggs relative to heterophyids, a total of 


100 specimens would be necessary to produce 
8,400 eggs per day, considerably fewer than most 
heterophyids [25]. 

Echinostomatidae (Echinostomatoidea). Members of 
some other trematode families also infect the small or 
large intestine but grow slowly and reach larger size 
(roughly 3-7 mm) compared with those mentioned 
above (0.5-2.0 mm); a few marine members are 
known to infect humans. A total of 21 members of 
Echinostomatidae are listed as causing human 
infections, some resulting in gastroenteritis [25]. Of 
those, all were from freshwater mollusks except two. 
One, Acanthoparyphium tyosenense, can be acquired in 
Korea from eating at least the raw bivalves Mactra 
veneriformis and Solen grandis and the gastropod 
Neverita hicolor available at a coastal village seafood 
market [44]. The gastropod first intermediate hosts 
Lunatia fortuni and Glassaulax didyma shed cercariae 
that infect the gills of the popularly eaten bivalves. 
Ducks serve as the natural definitive host, but 
experimental infections in chick and seagull have 
confirmed the adult infection [25]. Related species, 
and there are several, such as what was identified as 
Acanthoparyphium spinulosum in the oyster Crassostrea 
virginica from Texas, USA, are probably also commonly 
infective to humans, but such infections are limited 
only by the infrequency with which the molluscan 
second intermediate hosts are eaten raw [45]. 

Plagiorchiidae (Plagiorchioidea). Human infections 
with Plagiorchis spp. are uncommon, but 12 cases have 
been reported. Plagiorchis vespertilionis occurred in 
a man from coastal Republic of Korea who often ate 
raw mullet and gobies and was not known to eat 
caddisfly larvae, mayfly larvae, or dragonfly nymphs. 
The insects were suggested as possible intermediate 
hosts and are known hosts for many other species of 
Plagiorchis. The patient also contained Heterophyes 
nocens, acquired from fish [46]. Nevertheless, fish 
were suggested intermediate hosts, and perhaps the 
infection was transmitted by eating raw estuarine fish 
that had recently fed on infected dragonflies or some 
infected insect larva, joining the freshwater parasite 
with the coastal habitat. Members of Plagiorchis and 
related genera mature in birds and mammals plus 
accidentally in amphibians and reptiles. They are 
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relatively large (3-5 mm) and usually occur in low 
numbers in the final hosts. 

Didymozoidae (Hemiuroidea) . Humans do not get 
infected by didymozoids! These trematodes of fishes 
are unusual in that they occur usually in pairs of either 
hermaphroditic individuals or as separate sexes like 
mammalian schistosomes and occur encysted in the 
flesh, encysted in other tissues, or even free in body 
spaces other than the lumen of the alimentary tract 
like most trematodes. The group is mentioned 
because people eat infected fish products and 
diagnosticians find the small reniform didymozoid 
eggs (roughly 0.015-0.030 mm long but in some 
species up to 0.040 mm) of the worms in human 
stool samples, leading those diagnosticians to assume 
either an active trematode or protozoan infection. Such 
misidentifications have been reported from people 
eating marine fishes in Japan, Taiwan, and the 
Philippines, but cases could occur throughout the 
world where infected fish are abundant, especially in 
pelagic tropical and subtropical fishes [47]. 

Nematoda (Roundworms) Nematodes, or round- 
worms, comprise both free-living and parasitic groups. 
Parasitic groups that have marine members exhibiting 
a public health risk also fit into different groups: those 
that mature in humans, those that have larvae that can 
infect humans eating inadequately prepared seafood, 
those that produce excretions or secretions that result 
in an immunological response in humans, and those 
that can be acquired by being in the water with free- 
living stages or handling infected products. When con¬ 
sumers think of parasites in seafood, they typically 
think of anisakiasis involving grossly apparent nema¬ 
tode juveniles. Of the many nematode groups, each 
may have a different strategy in completing a life 
cycle. An example cycle will be mentioned for each 
major group of worms. 

Trichinellidae (Dorylaimia, Trichinellida). 
Trichinellosis has received considerable attention over 
the last 150 years of control efforts, but in the past 
20-30 years, there has been a dramatic reemergence as 
an emerging zoonosis [48]. The reasons are severalfold 
involving changing agricultural, marketing, environ¬ 
mental, and economic practices and conditions, but 
basically prior attentions involved Trichinella spiralis 


in domestic pork. In the 1940s and 1950s, a large num¬ 
ber of marine and terrestrial mammals in Alaska were 
examined for what was then known as T. spiralis , 
and most had infections [49]. A total of 320 native 
individuals from three Alaskan areas given intradermal 
tests showed that 28% from Wainwright, Alaska, tested 
positive. There are now at least ten recognized species 
or genotypes, and the involvement of the sylvatic cycle 
of some of those is responsible for new human cases. 
For purposes of this review, Trichinella nativa and to 
a lesser degree Trichinella hritovi play a role. Trichinella 
nativa infects the carnivores that inhabit the marine 
environs: polar bear ( Ursus maritimus ), walrus 
(Odobenus rosmarus ), Arctic fox ( Alopex lagopus ), and 
wolf ( Canis lupus), but it is even known from China in 
domestic pigs. This species differs from the others in 
that it can survive the freezing process, the process that 
keeps domestic pork safe to eat. Uncertainty exists in 
how long the frozen juveniles remain infective, but, 
when juveniles from walrus meat were stored at 
—20° C for up to 20 months, some remained infective 
to experimental guinea pigs [50]. There was a gradual 
degradation process that rendered some noninfective. 
The freezing resistance appears to be related to the 
parasite-nurse cell-host complex, and the nurse cells 
yield a cryoprotectant when occurring in carnivore 
muscle tissue but not when in rodents [51]. Outbreaks 
are common in the Canadian Arctic where uncooked 
walrus meat is eaten raw, frozen, and aged by Native 
Americans as “igunaq” [52], but some that get infected 
also eat the products cooked [53]. This product is 
produced by placing meat and fat tissues into skin 
bags, which are sewn shut and aged about a meter 
under a cache of rocks or gravel along a beach. When 
meat from experimentally infected seal was prepared as 
igunaq and allowed to ferment, as air-dried meat 
(nikku), and as both raw and partially cooked sausage 
(core temperature less than 50°C), it remained infective 
for at least 5 months under laboratory conditions. 
The food product was fed to cats and the extracted 
juveniles were orally inoculated into mice [54]. Whale 
is usually eaten as muktuk, a preparation of fermented 
skin and blubber containing no muscle [53]. 

Trichinella hritovi also occurs in temperate areas of 
the Palearctic region where people obtain infections 
primarily from eating wildlife. Apparently, it cannot 
resist freezing for a long period; the juveniles of 
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T. spiralis , which have been reported from a variety of 
marine mammals, die after 4 days at — 10°C. The status 
of infections from marine mammals requires addi¬ 
tional research. The cycles of all the species are similar 
to each other but different from other nematodes in 
this chapter. The definitive host, including human, eats 
uncooked infected meat from another definitive host, 
and the juveniles are released when the cyst is digested 
in the stomach. The juveniles invade the mucosa of the 
upper intestine and develop into mature adults within 
2 days. After 4 days, the mated female starts depositing 
motile juveniles, a process that continues for 4-16 
weeks and produces up to 1,500 juveniles in the 
nonimmune host. These juveniles pass within the 
lymphatic system or mesenteric venules to muscles, 
usually striated ones, where it encysts. Striated 
muscle tissue stimulates development of nurse cells 
and capsule formation within 2-3 weeks (Fig. 8). 
The coiled juveniles can survive in human muscle 
for years, even though calcification may occur within 
6-9 months. Infections can be fatal with as few as five 
juveniles per gram of muscle, but infections can be 
much higher, especially if the initial dose in an immu- 
nologically naive consumer contains hundreds of cysts 
in striated muscle. A low initial dose establishes 
a protective immunity to challenge doses. 

Paracapillaria philippinensis (until recently [55], 
a trichinellid that was and still is referred to by some 
as Capillaria philippinensis ) seems to be spreading geo¬ 
graphically. This small intestinal nematode produces 
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Section of coiled specimen of juvenile Trichinella spiralis 
encapsulated in striated muscle tissue 


mortality in humans. More than 2,000 human cases 
have been reported from the Philippines and Thailand, 
with several of those from more recent cases in Korea, 
Japan, Taiwan, India, Iran, United Arab Emirates, 
Egypt, Italy, Spain, and the United Kingdom [56], 
but with some of those acquired from eating 
freshwater fishes or imported fishes. The number 
of human cases is being reduced in Thailand, but infec¬ 
tions probably contribute significantly to mortality 
there [57]. The life cycle probably includes a bird 
definitive host as shown by experimental infections 
in a fish-eating rail and heron, even though many 
mammals can host transient infections, and humans 
and the Mongolian gerbil can die from infections in less 
than 2 months [58]. Eggs passed by the definitive host 
hatch in a variety of freshwater and estuarine fish spe¬ 
cies. At least when the gerbil or human eat the infected 
fish, the juveniles develop into males and females that 
release a first-stage juvenile from a thin-shelled egg, 
which in turn can autoinfect the host and produce 
adults, with a female that produces the typical 
capillarid thick-walled eggs that are released in the 
feces. Even though most second generation females 
are oviparous, a few females still produce juveniles 
that can progress to autoinfection and hyperinfection, 
a condition in which the produced juveniles penetrate 
the intestinal mucosa and proceed with migration. 
At autopsy, 1 1 of bowel fluid contained an estimated 
200,000 specimens in all stages [58]. 

Signs of infection in humans are varied: they can 
include abdominal pain, diarrhea, vomiting, heart 
irregularities, edema, and weight loss, with the blood 
exhibiting low protein, calcium, potassium, and 
sodium, and with high immunoglobulin E (IgE) with 
diminished levels of IgG, IgM, and IgA for several 
months after treatment with albendazole. Albendazole 
seems more effective than thiabendazole and 
mebendazole because there is no relapse, presumably 
because only albendazole affects the larval stages [58]. 

Epidemiological studies are lacking in most reports, 
but where infections are common, elderly aboriginal 
groups with infections in Taiwan prefer Chou-Bao, 
which includes soaking raw, small entire fish in 
fermented millet [56], and infected Filipinos consume 
Kinilaw, which consists primarily of raw pilchards, or 
other small fishes from coastal lagoons, marinated in 
vinegar, garlic, onions, ginger, tomato, and various 
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peppers. The small fishes throughout SE Asia also are 
eaten whole as raw products, and some native groups 
(Ilocanos of Northern Luzon, Philippines) use animal 
organs and intestinal juices to season rice and other 
foodstuffs [58]. Most human cases have been traced to 
consumers that eat small, raw entire fish, but exact 
causes are not known. When diagnosis is delayed, the 
disease can be severe, with up to 30% fatality in some 
localities in the Philippines. 

Dioctophymatidae (Dorylaimia, Dioctophymatida). 
The giant kidney worm, Dioctophyme renale , rarely 
infects humans, but the potential because of aquacul¬ 
ture and new cuisines is increasing. Even though usu¬ 
ally considered a freshwater parasite, it also is common 
in the estuarine environment [ 1 ]. Its life cycle involves 
an oligochaete and a fish, amphibian, or reptilian 
paratenic host. Its counterpart Eustrongylides will be 
discussed later because it does not mature in humans. 
Dioctophyme renale matures in and completely devours 
the kidneys of its definitive host. The site is usually 
restricted to the right kidney, probably because of 
migratory behavior of the acquired juvenile. If it does 
not encounter the right kidney, it can mature in the 
peritoneal cavity, where it also causes harm (Fig. 9); 
it can also become encapsulated and form a subcuta¬ 
neous nodule [59]. Human infections are usually diag¬ 
nosed by the worm eggs in urine, followed up by 
radiological exams to detect enlarged or calcified kid¬ 
neys. The worm has a cosmopolitan occurrence, but 
most human infections are from Iran and from fresh¬ 
water habitats. In fact, human coprolites dated about 
3,375 YBC from an archeological site in Switzerland 
suggest that human infections were more prevalent in 
the Neolithic than now [60]. In the USA, sylvatic infec¬ 
tions are common in the mink ( Mustela vison) in 
brackish marshes of southern Louisiana [ 1 ]. 

Acanthocephalans (Spiny-Headed Worms) Acan- 
thocephalans from marine products are not known to 
mature in humans. However, a few from terrestrial 
arthropods such as cockroaches do produce eggs in 
humans. In fact, eggs were found in human coprolites 
from a cave in Utah dated about 1869 BC ±160 years 
and 20 AD ± 240 years [61]. On the other hand, 
juveniles can attach in the lumen of the intestine with¬ 
out maturing, and, because they are in the lumen 
and can be voided in the feces, they are treated here. 
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Specimens of the giant kidney worm, Dioctophyme renale , 
removed from a mink's abdominal cavity in Louisiana. This 
species usually devours all the parenchyma in the right 
kidney of the mink and other fish-eating carnivores, but 
these specimens ended up in the cavity and matured 
without killing the host 

This seems to be the case for Corynosoma strumosum in 
a person from Alaska [62] and Bolbosoma sp. from a 
Japanese fisherman [63]. The first case was noticed 
when the infected male was treated with Atabrine. 
The worm matures in seals but is known as a juvenile 
in dogs, otters, birds, and other fish-eating birds. When 
fresh marine fish were fed to mink, some mink died 
[64]. Even though not routinely detected in people, 
C. strumosum , common as adults in pinnipeds and as 
juveniles from birds and other mammals in the 
Holarctic, was considered probably to be common in 
humans but for a short duration [18, 62]. The second 
case was detected because the worm had penetrated 
the intestine and was surgically removed because the 
disease was initially diagnosed as appendicitis. 
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Acanthocephalans are like nematodes because they 
both have separate males and females. However, 
all species are parasitic, and molecular data place 
them with rotifers. The life cycle includes an arthropod 
or crustacean and a vertebrate. In the case of the two 
palaeacanthocephalans mentioned above, the crusta¬ 
cean is unknown, but it could be small or large. The 
life history is typically completed by seal, whale, or sea 
otter by feeding on a paratenic fish host containing an 
encysted or encapsulated larva or juvenile. Most acan¬ 
thocephalans have a rather specific crustacean and 
final host and a larger but still rather specific range of 
paratenic hosts. Even though the definitive host is quite 
specific, the worm may attach in the intestine of non- 
closely-related hosts. For example, two palaeacantho- 
cephalan species that mature in a few teleost fishes can 
be acquired by local dasyatid stingrays as juveniles from 
amphipods and attach to the spiral valve without devel¬ 
oping further or without migrating to the viscera or 
muscles as paratenic parasites [65]. Stingrays are not 
typical final hosts for any acanthocephalan. 

Information on additional juvenile acanthocepha¬ 
lans that penetrate through the alimentary tract and 
cause a host response, sometimes severe, appears later 
in the next section of this chapter. 

Parasites with Larvae That Can Infect Humans 
Eating Inadequately Prepared Seafood 

The best-studied parasitic infections in humans eating 
raw marine seafood are caused by members of the 
ascaridoid genus Anisakis and first recognized in the 
1960s in the Netherlands, Japan, and the USA, even 
though Native Americans in Alaska passed specimens 
of both Anisakis sp. and Pseudoterranova decipiens 
sensu lato in feces [66]. There is now confusion in the 
names given the human disease because ascaridoids 
other than species of Anisakis also induce similar infec¬ 
tions. These agents plus infections and potential infec¬ 
tions by non-ascaridoid members of a variety of classes, 
based on the ability of such species to cause disease in 
nonhuman mammals, are also discussed in this chap¬ 
ter. In 1988, a group interested in standardizing 
nomenclature of ascaridoid diseases recommended 
calling disease involving a member of Anisakis as 
“anisakiasis” and disease caused by any member of 
the family Anisakidae as “anisakidosis,” even though 


some authors use a name referring to the responsible 
generic agent or the host response, such as “eosino¬ 
philic granuloma.” DNA-based techniques have 
allowed accurate diagnosis, species differentiation, 
and phylogenetic relationships. Diseases caused by 
members of other higher taxa also create some confu¬ 
sion with terminology of the names. 

Anisakidae (Spirurina, Ascaridomorpha). Species 
of Anisakis are the most widespread cause of notable 
and severe human disease. Until recently, human infec¬ 
tions were divided into two types of juveniles, Anisakis 
type I and type II [67] based on the presence of a caudal 
spine and the length of the ventriculus, a glandular 
structure separating the muscular esophagus and the 
intestine. A group of 21 species based on adults were 
divided into three primary species [68], including 
Anisakis simplex with ten junior synonyms, Anisakis 
typica with one synonym, and Anisakis physeteris with 
three synonyms. With improved molecular tools, some 
of those junior synonyms have been accepted, and addi¬ 
tional species have been recognized. Anisakis type I 
juveniles comprise the Anisakis simplex complex: 
Anisakis simplex sensu stricto, Anisakis pegreffii , 
Anisakis simplex C [69], Anisakis ziphidarum , 
and A. typica. Anisakis type II juveniles comprise 
A. physeteris, Anisakis brevispiculata , and Anisakis 
paggiae. All of these can be differentiated and are con¬ 
sidered human pathogens. The differences in patho¬ 
genesis and location in the human probably reflects the 
different species, at least in part. Recent polymerase 
chain reaction amplification (PCR) methods show 
that A. pegreffii comprises the source of most infections 
in consumers in Italy but that A. simplex sensu 
stricto is the most common species in people in Japan 
(Figs. 10 and 11) even though fish in the Sea of Japan 
are known to be infected with A. pegreffii [70]. Also, 
A. pegreffii seems to cause gastric distress in humans 
and A. simplex seems to mostly affect the intestine. 
Exceptions involve the abdominal cavity, mesentery, 
and oral cavity [71]. Juveniles typically measure 
1-3 cm in length. 

The different species can be differentiated by ceta¬ 
cean host and geographical locality. Anisakis schupakovi 
infects the Caspian seal, Pusa caspica, and belongs in 
the genus as do a couple other species from delphiniids 
in South America rivers and other isolated habitats. 
Tabularized reviews list which species of Anisakis have 
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Section of Anisakis simplex in ileum of human patient in 
Japan. Note the characteristic eosinophilic response, 
referred to as "eosinophilic granuloma," surrounding the 
diagnostic section of the worm 
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Section through degenerating specimen of Anisakis sp. in 
stomach of experimentally infected miniature pig showing 
juvenile with infiltrated eosinophils and surrounding 
infiltrate consisting almost exclusively of eosinophils 


been confirmed molecularly from different cetaceans, 
cephalopods, and fishes [70]. The life cycle of Anisakis 
spp. includes a cetacean final host, from which worm 
eggs (Fig. 12) are deposited in feces and embryonate in 
seawater; the active, hatched third-stage juvenile (the 
same as for Pseudoterranova decipiens ), also referred to 
as a larva, is eaten by a crustacean [72]. The juvenile 
hatching from most nematode groups is a second-stage 
juvenile. Euphausids are known to host the infective 
third-stage juvenile. A variety of paratenic hosts, 
including specific fishes, squids, and crustaceans can 
acquire and maintain the infective juveniles by feeding 
on the euphausid or some undetermined crustacean 
hosts. The appropriate cetacean feeds on any appropri¬ 
ate animal with an infective juvenile. In some cases, 
there can be a large cluster of these worms, involving 
third-, fourth-, and fifth-stage juveniles and adults 
attached within a stomach ulcer. As with several 
ascaridoids in a variety of genera and host groups, 
individuals not embedded in the ulcerated tissue will 
leave the ulcer and forage among the digesting prey 
in the stomach only to return at a later time. 

Cultured fish usually do not exhibit ascaridoid 
infections present in their wild counterparts because 
they are fed a diet that does not contain infective 
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Egg of Hysterothylacium reliquens showing infective third- 
stage juvenile representative of ascaridoids infective to 
humans. In this species, the juvenile hatches and the free 
juvenile is eaten by an appropriate copepod, which in turn 
is eaten by an appropriate fish. That fish or the copepod is 
eaten by a paratenic host or by the definitive fish host 
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juvenile worms. Such is not always the case. Infected 
prey can enter a sea pen or be fed to the cultured 
fish in fish farms or cages. When juvenile specimens 
of the greater amber jack, Seriola dumerilli , and three- 
line grunt, Parapristipoma trilineatum , were imported 
into Japan from China for grow-out in fish farms, they 
were determined to be heavily infected with Anisakis 
pegreffti [73]. The Japanese Ministry suggested the 
fish were fed wild infected fish before being exported. 
In any event, it required that the products, originally 
grown for sashimi (raw fish), be frozen prior to taking 
them to market, considerably reducing their value. 

Humans become infected with juveniles of Anisakis 
when they eat uncooked or inadequately prepared sea¬ 
food containing an infective third- or fourth-stage 
juvenile. Symptoms and signs of infection probably 
vary by species of Anisakis , condition of worm, and 
condition and genetics of patient. Some patient com¬ 
plaints include sudden epigastric pain, nausea, diar¬ 
rhea, and urticaria occurring within an hour but 
usually at about hour 6. Because infections are difficult 
to diagnose, the acute infection caused by a migrating 
or encapsulated juvenile develops into a chronic case 
with intermittent abdominal pain lasting from weeks 
to several years. There may be a slight fever and 
moderate leukocytosis up to 15,000 leukocytes per 
cubic milliliter. Peripheral eosinophilia can vary from 
4% to 41% and will be discussed later in the chapter. 
The condition presenting other vague symptoms can¬ 
not be diagnosed with various immunologic assays 
because the sera cross-reacts with related nematodes 
or even with human sera [74], but more specific sero¬ 
logical tests are being perfected and various molecular 
tools are being developed [75, 76]. Most prior cases 
have been identified morphologically after misdiagno¬ 
ses of appendicitis, ileitis, cholecystitis, Crohn’s disease, 
and tuberculosis peritonitis, and a variety of neoplasms 
resulted in resection of the corresponding lesions. 
In most cases, the worms penetrate or embed in the 
ileum or duodenum but occasionally penetrate the 
stomach as for A. pegreffti. Anisakiasis occurs in the 
Netherlands and other European countries, Japan, the 
USA, and Chile, and cases are remaining high. When 
the estimated prevalence of A. simplex (A. pegreffti?) - 
specific IgE assay in the population of Madrid, 
Spain, was tested by enzyme-linked immunosorbent 
assay (ELISA) as well as for cross-reactivity, 12% of 


the healthy population tested positive compared with 
22% in southern Spain determined with a somewhat 
different technique [76] and without any indication of 
cross-reactivity. Those testing positive in Madrid were 
more likely to admit to being habitual consumers of 
fresh (Fig. 13) or undercooked fish as opposed to eating 
frozen and cooked products like reported for the neg¬ 
ative population. 

As with “Anisakis simplex? “ Pseudoterranova 
decipiens ” also was recognized as a single species. It 
infected fishes and humans and could be identified by 
a morphological diagnostic juvenile and a variable 
adult, but the adult matured in pinnipeds rather than 
cetaceans. Recently, however, this agent of human 
infections that was supposed to occur worldwide has 
been shown to include several species, most in specific 
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Italian fisherman aboard fishing boat with catch including 
sardines infected with Anisakis pegreffii. Fresh fish from 
boats in the Port of Civitavecchia, Italy, are boxed, iced, and 
sold to restaurants, seafood dealers, and others 
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pinnipeds and consequently in specific geographic 
regions. Molecular and biochemical tools, backed with 
morphological features, have shown this species to rep¬ 
resent a complex of at least six species: Pseudoterranova 
decipiens sensu stricto, Pseudoterranova krabbei , 
Pseudoterranova bulbosa, Pseudoterranova azarasi , 
Pseudoterranova cattani , and Pseudoterranova decipiens 
E. There are also exceptions to the strict host specificity 
within this genus: Pseudoterranova ceticola and 
Pseudoterranova kogiae both infect the cetaceans Kogia 
simus and Kogia breviceps (dwarf and pigmy sperm 
whales, respectively) [70]. 

When consumers eat infective juveniles of 
Pseudoterranova spp., the condition is usually not seri¬ 
ous. Specimens are typically longer than those of 
Anisakis spp., roughly 4 cm versus 2 cm but dependent 
on age and development of worm, species, and tem¬ 
perature, and they usually have a more reddish or 
darker coloration. Whether they occur in the flesh 
or viscera of the fish depends on the species of worm 
and species of fish for both Anisakis spp. and 
Pseudoterranova spp. Specimens are often noninvasive 
and void in the feces or vomited; they tickle the throats 
of those eating inadequately prepared seafood when 
they migrate from the stomach back up the esophagus 
into the oropharynx, or they are coughed up into the 
mouth. Pseudoterranova spp. that cause disease usually 
involve the mucosal or submucosal tissues of the stom¬ 
ach. The common name of P. decipiens from the harbor 
seal had been “codworm” because the species was so 
abundant in cod, the second intermediate/paratenic 
host, especially during strict protection of harbor seal 
pups, which contained heavy infections. Actually, 
the “sealworm” consists of P. decipiens sensu stricto 
and P. krabbei , which can occur in mixed infections in 
Phoca vitulina and Halichoerus grypus , and both infect 
the cod, Gadus morhua [70]. Infections of large, 2-4- 
mm-long, unidentified fourth-stage juveniles of species 
of Pseudoterranova have become more prevalent and 
better recognized in Chile during recent years. Of 15 
patients, all but one appeared to lose the infection 
through the mouth after irritation; one was voided 
through the anus with intense diarrhea. The patients 
all enjoyed seviche or fried fish [77]. Differing clinical 
signs between human infections in the USA and Japan 
may be different because the cause is from separate 
species. These may be P. bulbosa and P. azarasi in 


Japan and P. decipiens sensu stricto and P. bulbosa in 
the USA (Fig. 14) [70]. 

The life history of Pseudoterranova decipiens sensu 
lato is more studied than that of known species of 
Anisakis sp. [78]. The life cycle differs slightly from 
that of known species of Anisakis sp. The first interme¬ 
diate host is a small crustacean such as several 
mycidacean species that spend part of their life in the 
benthos [79]. The hatched third-stage juveniles are not 
active. The agent in the crustacean appears to require 
a fish or large invertebrate paratenic host to complete 
the history in the pinniped. 

Members of Contracaecum have been reported from 
both pinnipeds and fish-eating birds. Even though 
morphologically they appear similar, those from the 
pinnipeds and birds are molecularly separated, perhaps 
with those species from seals representing Phocascaris , 
which is paraphyletic within Contracaecum [70]. Like 
for Pseudoterranova decipiens , Contracaecum osculatum 
from phocid seals consists of a complex of at least five 
genetically recognized, but not all named, species. There 
are 11 mammalian species that have been sequenced. 
Because they are from temperate and polar areas, there 
is less known about human infections, but they are 
discussed based on known genetic information [70]. 
Two human cases of C. osculatum sensu lato have 
been reported from Hokkaido, Japan [80]. 

Species of Contracaecum from birds appear to be 
phylogenetically separate from the seal species and 
confused taxonomically. Each of the well-known 
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Commercial fillet with conspicuous specimens of 
Pseudoterranova decipiens sensu lato 
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species actually comprises a separate complex [81]. 
Members of the genus were not originally thought to 
infect humans, but at least two human cases of 
unidentified species from a bird or seal have been 
reported [82], and at least fourth-stage juveniles of 
a member of the Contracaecum multipapillatum com¬ 
plex (Fig. 15) can infect and mature in experimentally 
infected kittens but not rats, ducks, and chickens [83]. 
The worms, some attached, were in the intestine, caus¬ 
ing hemorrhaging and associated with small ulcers. 

Because members of Hysterothylacium , many 
of which were originally placed into the genus 
Contracaecum , mature in fishes, no one expected 
them to infect humans. Juveniles of Hysterothylacium 
aduncum have been suspected as the cause for 
eosinophilic granuloma in humans [84, 85], and 
Hysterothylacium type MB larva can produce patholog¬ 
ical alterations, including eosinophilic granuloma, 
consistently in rodents (mice and rats) and rhesus 
monkey ( Macaca mulatto) (Figs. 16 and 17) and prob¬ 
ably humans [86]. The juvenile is small (1.4-3.1 mm 
long) but occurs in large numbers in some of its several 
secondary intermediate or paratenic fish and inverte¬ 
brate hosts [87]. Worms penetrated the stomach or 
duodenum within an hour or so, with the attraction 
of an abundance of eosinophils accompanied by an 
apparent decrease of those leukocytes in the peripheral 
blood. Not all species of Hysterothylacium will pene¬ 
trate the alimentary tract or cause lesions in mammals 


[87, 88], and juveniles of some species approach 3 cm 
long. A Japanese male passed a living young adult 
female specimen of H. aduncum after suffering chronic 
abdominal pain and diarrhea for a month. Whether the 
worm was acquired as a juvenile or an adult was not 
clear, but he had eaten raw fish, Gadus macrocephalus 
fillet pressed against kelp (Tara no kobujime) a month 
before onset of symptoms and Oncorhynchus nerka 
sliced and quick frozen (Ruibe), a week before onset 
[89]; both the cod and salmon host H. aduncum. The 
symptoms cleared following excretion of the worm. 
Whether Terranova type HA juveniles from Hawaiian 



Waterborne Parasitic Diseases in Ocean. Figure 16 

Stomach of rhesus monkey, Macaca mulatta , 5 h post¬ 
feeding with juveniles of Hysterothylacium type MB 
showing hemorrhagic lesions where juveniles penetrated 
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Red drum, Sciaenops ocellatus , exhibiting infective 
juveniles of Contracaecum multipapillatum sensu lato in 
mesentery. The same species is also common in fillets or 
viscera of other fish species in coastal Mississippi 
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Section showing juvenile of Hysterothylacium type MB 
penetrating near muscularis mucosae of rhesus monkey 
stomach surrounded by eosinophils at 1.5 h post-feeding 
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bony fishes mature in sharks or in a marine mammal is 
not known, but, when gavaged into the laboratory rat, 
it migrates into the submucosa and forms a granuloma 
but does not pass through muscularis mucosae [90]. 

Other Nematodes Gnathostomatidae (Spirurina, 
Gnathostomatomorpha). Gnathostome nematodes 
are easily recognized by their spiny anterior swelling 
in both juveniles and adults. They are best known as 
public health risks of freshwater species but are men¬ 
tioned here because the fishes that host the infective 
juveniles move into estuarine and marine habitats 
where they infect mammals and humans in coastal 
areas. Gnathostoma spinigerum occurs throughout 
Asia with infected humans primarily in Thailand 
and Japan, but Gnathostoma hispidum , Gnathostoma 
doloresi , and Gnathostoma nipponicum have all been 
identified from human cases in Japan [4, 91]. 
Gnathostoma binucleatum infects humans eating sevi- 
che made with estuarine fish in Sinaloa, Mexico [92] , as 
do other species. With infections of G. spinigerum 
and G. binucleatum , the juveniles usually produce 
a migrating erythema (larval migrans) on the periph¬ 
eral portions of the body for a few days to several years. 
Juveniles of the three other species usually migrate into 
surface skin, forming a serpiginous eruption on the 
trunk before disappearing spontaneously within 
3 months. The juvenile can migrate into the central 
nervous system (CNS) and other vital organs such as 
lungs, intestine, genital organs, ear, and nose, occasion¬ 
ally producing a fatal disease, especially when involving 
the CNS [93, 94]. 

The typical life cycle starts with adults within 
a tumor-like mass in the stomach wall and serosa 
(Fig. 18) of the mammal host. Eggs extrude into the 
stomach and pass out with the feces. First-stage juve¬ 
niles hatch within 12 days and develop when eaten by 
Cyclops sp. or presumably some other cyclopoid cope- 
pods. Development progresses in the copepod hemo- 
coel to the third-stage juvenile and are infective to 
a variety of fishes, amphibians, reptiles, birds, and 
mammals, including humans. Perhaps in some species, 
a specific fish serves as a second intermediate host, but 
fish serve as a primary paratenic host (Fig. 19), allowing 
the juvenile to migrate or encapsulate in any of the 
previously indicted paratenic hosts necessary to main¬ 
tain the population until eaten by the proper definitive 
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Tumor-like mass containing a few adult individuals of 
Gnathostoma sp. in the serosa of the stomach of the 
raccoon in Mississippi 
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Infective third-stage juvenile of Gnathostoma sp. in 
mesentery of the Gulf killifish, Fundulus grandis, in open 
marine lagoon of offshore barrier island, Horn Island, 
Mississippi 

host. Human infections can come from any of the 
paratenic hosts and probably from drinking freshwater 
containing infective copepods. The importance of 
marine or estuarine hosts depends on the area, since 
infections can occur in freshwater or estuaries and 
freshwater hosts can migrate into estuarine or marine 
habitats. 

The true marine counterpart of Gnathostoma is 
Echinocephalus , and at least Echinocephalus sinensis 
can probably infect humans. It matures in rays and 
sharks in the South Pacific and is transmitted by at 
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least the oyster Crassostrea gigas and scallops. It was 
observed throughout the year in Hong Kong, but juve¬ 
niles administered to kittens, monkeys, and puppies 
were infective to those mammals from August through 
October only [95]. When a dose of 600 worms was 
given to a kitten, most were apparently vomited, but 
the host died at 16 h. A total of 134 worms were 
recovered in various visceral organs. All but one of 
nine other kittens administered with fewer juvenile 
worms, 130-350, survived, but exhibited visceral larval 
migrans during the first 40 h. Kittens examined at days 
3,4, and 9 revealed no juvenile worm. The two different 
monkey species given 80 or 200 juveniles and dogs 
given larger doses each showed similar results of 
worms located throughout various visceral organs for 
the first 40 h post-feeding and no worm after 3 days. 
Substantial infections were also achieved at 18 h in 
kittens when fed additional worms acclimated in oys¬ 
ters at 28°C and 33°C [96]. Humans are potentially at 
risk, especially if eating heavily infected mollusks and 
any worms enter the CNS. There are several other 
species of Echinocephalus , and some may also have the 
ability to penetrate the alimentary tract of mammals 
and undergo a visceral or cutaneous migration. 
Gnathostomes cause both cutaneous and visceral 
migration, and human cases are probably much more 
common than diagnosed because specimens of the fast- 
moving worms are difficult to collect or biopsy; 
a refined serological method should be able to deter¬ 
mine the presence of gnathostomes, and specific diag¬ 
noses should allow for a better understanding of 
marine associations. 

A related unidentified juvenile spiruroid nematode 
known as suborder Spirurina type X has been known to 
cause creeping eruption in at least 28 Japanese [97]. 
The juvenile is acquired by eating raw tiny squid 
('Watasenia scintillans) as sashimi in Japan; the serpig¬ 
inous erythematous eruption along the abdomen took 
4 weeks to become apparent. All infections were con¬ 
firmed with an indirect immunofluorescence test. 

Metastrongyloidea (Rhabditina, Strongyloidea). 
Angiostrongylus cantonensis is usually considered 
a freshwater or terrestrial disease, even though it was 
originally thought to be acquired from improperly 
prepared marine fishes. There are several ways that 
this rat metastrongyle nematode can infect humans 
that involve estuarine or fully marine situations, and 


they have been reviewed [98]. The species matures in 
the pulmonary arteries of rats (Fig. 20) and has a rather 
complicated life cycle. Eggs lodge in the arteries and 
capillaries of the rat lung where they hatch (Fig. 21); the 
first-stage juvenile migrates through the alveoli and up 
the trachea before being swallowed and ultimately 
passed out in the feces. The juvenile develops to 
a third stage in a molluscan intermediate host. When 
the juvenile in the mollusk, its slime trail, or a paratenic 
host feeding on the host or the free juvenile is eaten by 
the rat, it migrates to the subarachnoid space adjacent 
to the brain (Fig. 22). After a couple of weeks, it forces 
its way into the venous system to be carried to the 
pulmonary arteries. Humans are accidental hosts, and 
the infective juvenile still goes into the brain cavity, but 
it remains there and often enters the brain tissue 
(Fig. 23) and causes behavior problems and even 
death in the patient. Because of abnormal behavior in 
infected humans, many never receive medical atten¬ 
tion. Even though the infective juveniles do not neces¬ 
sarily survive as long in marine waters or in marine 
invertebrate or vertebrate hosts as freshwater counter¬ 
parts, they survive long enough to transmit the infec¬ 
tions. The eastern oyster, Crassostrea virginica , and 
northern quahog, Mercenaria mercenaria , can serve as 
intermediate hosts in 15 ppt, and large amounts of the 
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Section of adult female of Angiostrongylus cantonensis 
associated with other males and females in pulmonary 
artery of rat definitive host. The paired creamy-white 
uterine branches spiral around the hematin-filled 
intestine giving a diagnostic barber-pole appearance to 
this 20-30-mm-long worm when alive 
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Section of rat lung showing deposited eggs and hatching 
juveniles of Angiostrongylus cantonensis infective to 
mollusks 

oyster are eaten raw. There are many possible ways for 
humans to acquire the infection, but it is difficult to 
discern individual cases. In Tahiti, special dishes 
involve a sauce prepared from uncooked shrimp hepa- 
topancreas (liver/digestive gland) often containing 
infective juveniles mixed with grated coconut and 
“coconut milk.” Infections originated in the Indo- 
Pacific, but have spread by rats aboard ships to the 
Northern Hemisphere. Infections have become recog¬ 
nized in Hawaii, Cuba, Puerto Rico, and the USA 
through Louisiana. 

Dioctophymatidae (Dorylaimia, Dioctophymatida). 
Juveniles of Eustrongylides spp., like those of 
Dioctophyme renale , are relatively large and red, making 
ingestion seem unlikely. However, when fish interme¬ 
diate or paratenic hosts are eaten alive whole, a severe 
peritoneal infection can occur. In the USA, eating live 
fish is usually a behavior to gain attention or a hazing 
ritual. Consequently, fishermen eating their bait, tavern 
clientele taking a wager, and students being initiated as 
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Section of fourth-stage juvenile of Angiostrongylus 
cantonensis developing normally in meninges of brain of 
rat after 29 days without any apparent inflammatory 
response 

well as unaware consumers eating homemade sushi 
are likely victims [99]. Unlike D. renale , which matures 
in mammals, all species of Eustrongylides mature 
in birds. Three well-known species are recognized, 
Eustrongylides ignotus from North and South America 
plus New Zealand, usually infecting herons and egrets; 
Eustrongylides tubifex from North and South America, 
Europe, and into Asia in ducks, loons, and cormorants; 
and Eustrongylides excisus from Europe, Asia, and Aus¬ 
tralia in ducks, cormorants, and herons [ 100] . Juveniles 
of all should be regarded as a health risk, and all occur 
in both freshwater and estuaries. In Mississippi, E. 
ignotus occurs mostly in estuarine conditions and com¬ 
monly spreads to its second intermediate mosquito fish 
and Fundulus hosts by a variety of tubificid and other 
oligochaete first intermediate hosts. Because paratenic 
hosts such as largemouth bass and striped bass com¬ 
monly eat mosquito fish and fundulids and are pre¬ 
ferred seafood products, humans dining on these and 
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Section of juvenile of Angiostrongylus contonensis after 
abnormal migration into brain of a Thai, showing atypical 
inflammatory response in human brain 

other fishes wild or in culture [101] in an uncooked 
state are at a high risk for infection. 

Dracunculidae (Spirurina, Spiruromorpha, 
Dracunculoidea). Dracunculus insignis , once thought 
to be a synonym of Dracunculus medinensis , the “fiery 
serpent” of the Bible and possibly the “snakes” in the 
caduceus of the American Medical Association and 
many other medically related societies, constitutes 
a public health risk. It occurs in the hind legs of the 
raccoon in the brackish marshes of the northern Gulf of 
Mexico [1] as well as freshwater habitats throughout 
North America and presumably is transmitted by 
paratenic fish and frog hosts. Consequently, D. insignis 
could be acquired by someone eating raw fish, not 
presently the habit of most persons living in a region 
abundant in seafood typically eaten in a cooked state. 

Other Parasites 

Acanthocephala (Spiny-Headed Worms) Acantho- 
cephalans, especially those that mature in the 
alimentary tract of marine mammals, pose a threat to 
those who eat raw fishes. Two palaecanthocephalans 
were discussed above as species that occur in the 


intestine of humans, even though they did not mature 
in the patients. They also did not penetrate the human 
digestive tract. Another case of what was tentatively 
identified as Bolbosoma sp., presumably the same 
marine mammal parasite species mentioned earlier 
[63], penetrated through the intestine and became 
encapsulated in a granulomatous mass on the serosa 
of the ileum in the peritoneal cavity of a 16-year-old 
boy in Japan [102]. Another species, one that matures 
in a fish, Acanthocephalus rauschi , was discovered in the 
peritoneum of a native in Alaska. The frequency of 
acanthocephalan infections in humans, especially 
native groups from the Arctic where fishes containing 
infective juveniles are eaten raw, is difficult to discern 
but is probably substantial [18, 62]. 

The spiny-headed worm with hooks on the everting 
proboscis can produce severe lesions if it penetrates 
through the intestine or occurs in large numbers. An 
experimental study feeding rats with Centrorhynchus 
sp. from a paratenic host resulted in the worms pene¬ 
trating the intestine on day 1, entering the muscles by 
day 5, and producing granulomas on day 20 [103]. 
When captive primates feed on intermediate hosts or 
are fed paratenic hosts, they can die when the worms 
invade beyond the serosa but otherwise produce a focal 
inflammatory response without harming the host 
[104]; when large die-offs occur, the invading worms 
are usually associated with secondary bacterial 
involvement. 

Members of the Archiacanthocephala, Moniliformis 
moniliformis from rats and Macracanthorhynchus 
hirudinaceus from pig have been reported from man 
throughout much of the world, sometimes with serious 
complications. They are acquired from terrestrial arthro¬ 
pods such as roaches or paratenic hosts. Nine specimens 
of the relatively large related Macracanthorhynchus 
ingens , known from the raccoon, Procyon lotor , and 
a few other carnivores, was reported from the intestine 
of a 1-year-old child in Texas [105]. The worm is 
common in coastal areas, so it could be transmitted 
to humans in estuarine, freshwater, or terrestrial 
paratenic hosts as well as from wood roaches and mil¬ 
lipedes, if eaten raw. 

Sebekidae (Crustacea, Pentastomida, Porocephalida). 
Nymphs of pentastomes, a crustacean group perhaps 
derived from and of equal status as Branchiura (argulid 
parasites of fish and amphibians) also can migrate in and 
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become encapsulated in human visceral organs. A marine 
threat would be Sebekia mississippiensis , a parasite from 
the lungs of the American alligator. Nymphs are abun¬ 
dant in the western mosquito fish ( Gambusia affinis) 
(Figs. 24 and 25) and present in the Atlantic croaker 
and gulf killifish, which may or may not have acquired 
the infection from the mosquito fish from estuarine 
and marine habitats, like its alligator final host. When 
any of the intermediate or paratenic fish, snake, or 
turtle hosts and possibly eggs is eaten by a mammal, 
the nymphs migrate and usually become encapsulated 
by the mammal. The opossum and river otter were 
infected in Mississippi, suggesting a human potential 
host [106], since humans are known to host nymphs of 
other pentastomes. This and related species infect other 
crocodilians. At least one case report for a related species 
of Sebekia involved skin dermatitis in a woman in Costa 
Rica [107]. An autopsy of a woman from Georgia, 
USA, with presumptive acquired immunodeficiency 
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Nymphs of Sebekia mississippiensis partially pulled from 
body cavity of intermediate host, the western mosquito 
fish, Gambusia affinis, which is infective to paratenic fish, 
turtle, and mammalian hosts, including humans, or to the 
alligator definitive host 


syndrome (AIDS) revealed the cuticle of an 
unidentifiable pentastome in her pericardial sac and 
epicardium associated with tuberculous pericarditis 
[108]. Non-marine-inhabiting pentastome species of 
several genera present an equal risk to infect people. 

Protozoans Sarcocystidae (Alveolata, Apicomplexa). 
The coccidian Toxoplasma gondii has final hosts 
that contain a sexual, coccidian-like phase, restricted 
to cats and other felines, all terrestrial mammals. 
Human infection results from shed oocysts in feline 
feces, by ingesting tissue cysts in warm-blooded 
mammals and birds, by eating passive vector hosts, 
and by congenital transmission. Infected humans, 
predominantly immunocompromised patients or 
transplant recipients on immunosuppressive therapy, 
can develop encephalitis, mental retardation, and 
blindness. If infection occurs for the first time during 
pregnancy, the parasite can cross the placenta into the 
brain or eye, and possibly cause miscarriage. The 
reason for the large number of human infections, 
perhaps a significant portion in some geographic 
regions, in the marine environment, may be the low 
number of oocysts necessary to establish a human 
infection. As an example, a pet cat sheds oocysts for 
only a few days during its lifetime, and it produces 
about 25 g of feces per day. However, in each fecal 
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Anterior end of Sebekia mississippiensis, a pentastome from 
the lung of the American alligator in Mississippi 
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deposit, tens of millions of oocysts may be produced, 
and as few as one oocyst can infect a mouse or pig 
[109]. The small floating oocyst can sporulate into the 
infectious agent at 15 or 32 ppt and remain infectious 
for long periods, up to 6 months at 15 ppt [110]. These 
oocysts, resistant to most disinfectants, however, have 
not been reported from coastal waters even though 
present in marine and coastal animals [111, 112]. 
When experimentally exposed to the eastern oyster, 
the agent in oyster tissue was infectious to mice for 6 
days [113], but, even though experimentally exposed 
mussels ( Mytilus galloprovincialis ) tested positive by 
PCR assay, mice fed with various PCR-positive tissues 
as old as 21 days demonstrated infections for at least 3 
days only when fed digestive gland tissue [ 1 14] . At least 
13 marine mammals, including dolphins, have shown 
a positive reaction by agglutinations and indirect 
fluorescent antibody tests [111, 115]. The California 
sea otter ( Enhydra lutris nereis) has been studied most 
extensively because T. gondii has been associated with 
meningoencephalitis and extensive mortalities in the 
California population. There are three dominant 
genotypes, two of which have been identified from 
human infections; the otter had two genotype isolates 
in the brain and heart, and one of those was one that 
was known from humans and the other a rare one 
[111]. The otter feeds on mollusks, and evidence 
indicates land-based runoff as the source of the otter 
infections, suggesting “potent implications for human 
health” [116]. Perhaps crustaceans also serve as vectors. 
Additional epidemiological evidence deals with Inuit 
women of childbearing age in Northern Quebec, 
Canada, where seals are infected [117]. About half 
were seropositive to T. gondii , and seropositive 
women were at least four times more likely to have 
eaten dried seal meat or seal liver than seronegative 
counterparts. Seronegative women during pregnancy 
are now instructed to avoid all uncooked or dried meat, 
particularly seal and caribou, and to refrain from 
skinning animals. 

Microspora. Microspora is a large phylum with 
obligate intracellular members that infect and obtain 
their energy from primarily invertebrates and lower 
vertebrates, cold-blooded vertebrates. The life cycles 
of microsporidans include several patterns including 
a direct cycle, a cycle that needs a true intermediate 
host, a transovarian cycle, and a cycle that passes 


through a vector without undergoing any develop¬ 
ment. Members of few genera infect mammals, 
with Encephalitozoon cuniculi being the best known. 
A few species have been reported from humans, and 
most of those represent immunologically incompetent 
individuals [118]. These include Encephalitozoon 
intestinalis and Encephalitozoon hellem. Others, such 
as Pleistophora ronneafiei , Trachipleistophora hominis , 
and Anncaliia vesicularium , involve species with fish 
or other cold-blooded hosts. These species are named 
for material taken from human AIDS or otherwise 
immunologically incompetent patients, and they may 
have already been named earlier from a cold-blooded 
host, even a marine one. Pleistophora ronneafiei was 
suspected to have been injected into a prisoner in 
Florida with a syringe containing infective material 
from a fish [1, 118]. A study conducted on other 
microsporidans to determine human risk from spores 
reaching coastal and marine waters tested the viability 
of the three indicated species of Encephalitozoon [119]. 
As expected for spores of species that can infect 
humans, the viability decreased as temperature 
increased from 10°C to 20°C. More proliferation of 
the parasites tested at 0, 10, 20, and 30 ppt occurred 
at the lower salinity concentrations, with E. hellem and 
E. intestinalis surviving better than E. cuniculi , in which 
survival lasted 1-2 weeks at 10 ppt. Those former two 
still proliferated at 4 weeks, with some proliferation of 
E. intestinalis at 10 ppt at 12 weeks. Consequently, all 
three species could infect humans and marine mam¬ 
mals or contaminate shellfishes. At least E. hellem and 
E. intestinalis can contaminate water with spores passed 
by aquatic birds [120]. Enterocytozoon bieneusi maybe 
the most common microsporan of man. A total of 81 
different genotypes with 111 different genotype names 
have been identified, with 26 exclusively in humans, 
but with none from marine animals [121]. The species 
without a characterized genotype was identified with 
PCR from an ill bottlenose dolphin ( Tursiops 
truncatus ) [122]. 

Myxozoa. Myxozoans, actually multicellular para¬ 
sites that get placed in most textbooks as protozoans, 
seem to be bilaterian metazoans, possibly in a sister 
group to the Nematoda [123], or a trachylinan 
Cnidaria; members are not thought to infect humans. 
Spores occur primarily in fishes and amphibians, but 
atypical species have been reported from a variety of 
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other hosts. Sexual development takes place in oligo- 
chaetes and a variety of other invertebrates. Because 
people often eat fish infected by myxosporidians, they 
can exhibit spores from the product passed in their 
feces. There is no indication that any myxosporan 
has actually infected healthy humans and undergone 
vegetative reproduction. Two patients were reported 
to exhibit spores and diarrhea, but at least one of 
those was an immunosuppressed, HIV-positive patient 
infected with the human coccidian Isospora belli 
and the other had human helminths Strongyloides 
stercoralis, Hymenolepis nana , and Ascaris lumbricoides 
[124]. Other case reports, such as some in Australia 
involving eating fish that had been frozen, exist but 
probably do not represent human infections [125]. 
Spores of Henneguya salminicola also have been 
reported from human diarrheic feces [126, 127]. 
Patients had been eating salmon, and, in one case, the 
spores were misdiagnosed as human sperm, resulting 
in scandalous consequences [126]. 

Parasites Acquired When People Have Direct or 
Indirect Contact with Them 

Parasites acquired by contact consist of both helminths 
and protozoans, but helminths usually actively enter 
humans by direct contact. In some cases, difficulty exists 
distinguishing between active and passive contact. Also 
diseases acquired from agents in marine water fit into 
different groups. Some originate from estuaries and 
marine habitats, but most seem to have a freshwater 
origin but can tolerate marine or estuarine conditions. 

Direct (Active) Contact with Disease-Causing Agents 

Trematoda Schistosomatidae. Members of the 
Schistosomatidae exhibit atypical features among trem- 
atodes such as having separate male and female individ¬ 
uals rather than being hermaphroditic and living in 
blood. They also do not have a distinctive second inter¬ 
mediate host, but there occurs a juvenile stage, 
schistosomula, that develops from the cercaria after it 
penetrates the definitive host. Those species that mature 
in humans use as their first intermediate host freshwater 
snails only, but some members in marine snails occur¬ 
ring throughout much of the world that infect birds and 
mammals produce cercariae that accidentally penetrate 
humans and establish a hypersensitivity dermatitis. 


Dermatitis, known as “swimmer’s itch,” “clam 
digger’s itch,” and other terms, results when humans 
are challenged by epithelial penetration of the cercariae 
of some specific schistosome species occurring in the 
mesenteric blood vessels of the avian and mammalian 
marine and freshwater hosts. Swimmer’s itch is best 
known for freshwater species; however, several marine 
species result in similar human responses. Some fresh¬ 
water cercariae can survive well in low-salinity 
conditions, but salt usually kills the snail hosts. For 
example, the cercariae of Bolbophorus damnificus can 
tolerate 2.5 ppt sodium chloride, a concentration toxic 
for the freshwater snail host Planorbella trivolvis that 
sheds it [128]. 

For cases of most dermatitis caused by schistosome 
cercariae, the cercaria hangs in or near the surface of the 
water where it comes into contact with the appropriate 
bird or mammalian (such as raccoon) host. Conse¬ 
quently, a pruritic maculopapular rash occurs on the 
human body in contact with the surface, often around 
the knees or ankles for those occurring in shallow water. 
Typically, when the cercaria penetrates human skin that 
it had previously penetrated with no or limited discern¬ 
ment by the patient, it produces a more apparent prick¬ 
ling sensation for several minutes. Depending on the 
number of cercariae and the host immune system, this 
condition may be associated with “macular eruption” 
(color change in 5-10 mm focal area without elevation 
or depression) with diffuse erythema or urticaria. Later 
in the day an itchy “macropapular eruption” (elevated 
colored area, 5-10 mm) develops and the papules 
“progress” to fluid-filled vesicles that may become 
secondarily infected because of the tendency to scratch 
them. Over the next week to month, the lesions become 
pigmented and apparent. The “hypersensitivity” 
reaction is not a true allergic one, and, when the same 
cercarial species or one with cross-reactivity penetrates 
the skin in the future, it produces a more severe 
dermatitis. Occasionally, systemic signs such as fever 
lymphadenopathy and edema develop [129]. 

A large number of marine schistosome species 
probably produce human dermatitis. The number of 
reported species, however, has remained low because of 
the inability until now with molecular tools to identify 
the species, the paucity of studies associating specific 
species with dermatitis, and the lower likelihood 
of human contact with cercariae in the marine 
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environment when compared with infective species in 
freshwater. Swimmers in several freshwater lakes are 
more prone to continual visits to cercarial/snail-laden 
portions of the lake. Moreover, the fact that a variety of 
agents in marine habitats can produce a rash, appar¬ 
ently including non-schistosome cercariae, makes 
diagnosis of the cause of the rash difficult. 

Austrobilharzia variglandis is probably the best 
known marine cause of the dermatitis, but what is 
identified as A. variglandis probably consists of a com¬ 
plex of several species from California [130], Hawaii 
[131], Australia [129], and elsewhere as well as the clam 
beds of Rhode Island [132] and Connecticut [133] 
where it is transmitted by Ilyanassa obsoleta to 
a variety of gulls plus the double-crested cormorant 
and Canada goose. At least Austrobilharzia terrigalensis 
in the silver gull Larus novaehollandiae and Batillaria 
australis (as Pyrazus australis) in South Australia and 
Western Australia [134] has been distinguished 
from misidentified Australian A. variglandis. The snail 
I. obsoleta ranges along the Atlantic coast to Florida. 
Austrobilharzia variglandis was reported from the 
migratory American white pelican in Mississippi 
[135]. A second species from the northern Gulf of 
Mexico, Austrobilharzia penneri , occurs in Cerithidea 
scalariformis. Gulls are important definitive hosts 
of marine schistosomes, especially species of 
Austrobilharzia , and since gulls and shorebirds 
commonly occur in close association with humans, 
there is a tendency for infections in Hawaii, Australia, 
and China [129, 136]. There is need to accurately 
differentiate species worldwide because most or all 
produce dermatitis. 

Members of other blood fluke genera also produce 
dermatitis. Gigantobilharzia huttoni in both the brown 
pelican and American white pelican and the Antilles 
glassy-bubble, Haminoea antillarum (Cephalaspidea), 
occurs in Florida [135, 137, 138]; Gigantobilharzia 
acotylea caused dermatitis in the Venice Canal, Italy 
[139]; Ornithobilharzia cf. canalicula infects terns, and 
Batillaria minima from the Gulf of Mexico in Florida, 
USA [140, 141], although the dermatitis attributed to 
this cercariae was rightfully questioned [138]. 
Unidentified species producing dermatitis were 
reported from southern California in Littorina keehae 
(as L. planaxis ) [142], from eastern Australia in the 
limpet Siphonaria denticulate on rocky shores [143], 


and from other regions such as Japan [144]. One from 
California occurs in the Japanese bubble snail 
(Haminoea japonica ), which was introduced into San 
Francisco Bay in about 1999 [136]. Comparative 
sequence data did not allow information on whether 
the blood fluke was native to California, introduced 
from Asia in the snail, or a species from Asia acquired 
from migrating birds. 

As indicated above, most schistosome species 
responsible for dermatitis are shed from freshwater 
snails in freshwater. Ten genera contain these species 
and are cited [145] compared with just three genera 
from salt or brackish waters. Studies on species of 
Trichobilharzia have provided some information that 
may relate to human infections. When bird species are 
experimentally exposed to a mouse, rather than mam¬ 
malian skin trapping and eliminating the cercariae, it 
allows some to produce schistosomula. In the case of 
Trichobilharzia regenti , the agent typically penetrates 
the skin of the bird host and migrates to and becomes 
established in nasal tissues after passage through the 
peripheral and central nervous system [146]. When in 
a mouse, even a small number of the agent in the CNS 
can produce severe responses [147]. Members of 
Trichobilharzia as well as of Gigantobilharzia and 
Ornithobilharzia , especially on the initial exposure to 
experimental mammals, can progress to the lungs and 
CNS where they can produce severe pathological alter¬ 
ations [145]. 

Nematoda Strongyloididae (Rhabditina, Rhabditoidea). 
Some members of the nematode genus Strongyloides 
cause a creeping eruption (larval migrans) or rash in 
people exposed to juveniles and then challenged at 
a later date. Two species proven to cause the dermatitis 
in man are Strongyloides myopotami from the nutria 
(.Myocastor coypus ) and Strongyloides procyonis from 
the raccoon ( Procyon lotor). These are probably the 
principal agents of what trappers, hunters, fishermen, 
and oil workers in the northern Gulf of Mexico call 
“marsh itch.” A human volunteer was exposed in his 
arm to a relatively small number of third-stage juve¬ 
niles of S. myopotami on seven occasions over 
11 months before a minor rash (pruritus with 
small papules) erupted and lasted about 5 days [148]. 
Following that time, the volunteer was sensitized 
and juveniles of both species produced a reaction. 
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Those from the raccoon allowed to penetrate the oppo¬ 
site arm produced more extensive reaction at the site of 
penetration for a few days, but, after disappearing for 
several days, it reappeared 5 cm from the site. Future 
exposures responded similarly but the recurrence 
resulted in a sinuous creeping eruption that spread 
from the arm to the chest. The juveniles migrating 
near the surface differs from the reaction by the larvae 
of blood flukes mentioned earlier. The species from the 
raccoon is morphologically similar to the human spe¬ 
cies, Strongyloides stercoralis (Fig. 26), which can 
undergo autoinfection. When a challenge dose of 185 
juveniles of the raccoon species were exposed, at least 
one was able to mature and produce juveniles for a few 
days. The normal life cycle of species of Stronglyloides 
differs from that of most nematodes. The threadlike 
parasitic female in the mucosa of the intestine deposits 
eggs passed in the feces as either eggs or first-stage 
juveniles. In the external environment, the juvenile 
develops into a feeding rhabditiform juvenile, which in 
turn develops into an infective third-stage filariform 
juvenile. The non-feeding filariform can invade the 
definitive host or develop further into a single free-living 
generation of both males and females. These mate and 
produce infective juveniles, even though under optimal 
conditions, the offspring may develop into a second free- 
living generation. Infective juveniles penetrate the skin 
and pass by the cutaneous blood vessels to the lungs, 
where they break out of the alveoli and migrate by the 
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Juveniles of Strongyloides stercoralis passing from human 
intestinal crypts and representing zoonotic species, some 
released as eggs and others as hatched juveniles 


respiratory tree to the pharynx and intestine, maturing 
in mucosal epithelium in about 2 weeks. The parasitic 
female produces juveniles without being fertilized and is 
parthenogenic. Most species of Stronglyloides infect one 
or few related amphibian, reptile, mammal, and bird 
hosts. Probably few species would be capable of pro¬ 
ducing creeping eruption in humans, but at least two 
from mammals in the Southern US do. Unpublished 
research in Mississippi showed that the free-living 
infective filariform juveniles of S. myopotami and 
S. procyonis can tolerate seawater well. 

Miscellaneous agents. Unusual circumstances can 
result in involvement by a parasite not expected to affect 
humans. For example, a diving accident resulted in such 
a case with an adult philometrid (Dracunculoidea) nem¬ 
atode, a parasite that matures in non-intestinal sites in 
fishes. A scuba diver in Hawaii accidently stabbed him¬ 
self when reloading a spear gun and then later cleaned 
a fish to eat. He noticed some parasites and discarded the 
fish, but 3 h later he sensed a 1-cm portion of a red worm 
protruding from the stab wound. He tried to kill and 
remove this firmly still-attached worm with vinegar, 
rubbing alcohol, and forceps. Because of the pain, he 
had the worm surgically removed by a physician [149]. 
Other parasites or free-living marine invertebrates can 
also take advantage of wounds or create their own. 
Isopods (Crustacea, Peracarida) in the Aegidae, 
Cymothoidae, Cirolanidae, and other flabelliferan fam¬ 
ilies can produce lesions and urticaria, and are espe¬ 
cially annoying. Even an amphipod has produced acute 
urticaria in a diver in Hawaii [ 1 ]. 

Protozoans Acanthamoebidae (Amoebozoa). A few 
different free-living amoebae can cause severe disease if 
they can enter a human. Best known is Naegleria fowleri 
(Excavata, Heterolobosea, Vahlkampfiidae), which 
causes fatal “primary amoebic meningoencephalitis 
(PAM),” but it is restricted to freshwater habitats and 
moist soil throughout the world. Several species of 
Acanthamoeba , however, occur in marine waters or 
along marine beaches as well as in freshwater habitats. 
Species are known to cause chronic granulomatous 
amoebic encephalitis (GAE), granulomatous skin and 
lung lesions, and amoebic keratitis. The life cycle of 
N. fowleri consists of an amoeboid, feeding, and repli¬ 
cating trophozoite. During periods of low nutrients or 
desiccation, the motile amoeboid stage forms either 
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a biflagellated, non-feeding, non-replicating trophozo¬ 
ite or a cyst until conditions improve. Human tissues 
contain only the amoeboid stage. The trophozoite 
apparently enters through the nasal cavity and migrates 
into the brain and central nervous system (CNS) along 
the olfactory nerve. The PAM typically progresses rap¬ 
idly from a sudden headache and fever to coma and 
death, without much possibility of diagnosis before 
death. Species of Acanthamoeba do not have a flagel¬ 
lated trophozoite, the amoeboid trophozoite has spike¬ 
like pseudopodia and is more sluggish, and three¬ 
layered cysts can occur in human tissues. The portal 
of entry may differ for different species. Invasion 
appears to be from a primary focus in the skin, lower 
respiratory tract, or nasopharynx, with dissemination 
of the trophozoite reaching the CNS through the cir¬ 
culatory system and possibly by crawling along the 
outside of blood vessels [150]. Signs of GAE progress 
much slower and initially are less severe than for PAM; 
they take weeks or months to result in death, and infec¬ 
tions are difficult to diagnose. In contrast with PAM, 
which affects healthy people, GAE is usually associated 
with chronically ill, immunocompromised, or otherwise 
debilitated patients. Predisposing factors for infections 
include broad-spectrum antibiotics, steroid or antineo¬ 
plastic therapy, radiation therapy, alcoholism, preg¬ 
nancy, and bone marrow or renal transplantation. 
Many of the earlier diagnosed infections, especially in 
non-compromised patients, were associated with 
Balamuthis mandrillaris , a morphologically similar 
free-living but genetically different species that has 
been considered a soil-inhabiting species. 

Which species of Acanthamoeba infect humans in 
the marine environment and how they infect the peo¬ 
ple have not been established. Several isolates of the 
Acanthamoeba complex have been cultured from 
marine waters or beaches [151-153], and eight strains 
are pathogenic to mice and potentially to humans. 
Of 17 species of free-living amoeba cultured from 
salt water in Northwest Spain, only Acanthamoeba 
polyphaga was pathogenic to mice [154]. Seven species 
have been associated with human disease, and of these, 
Acanthamoeba castellanii , Acanthamoeba culbertsoni , 
Acanthamoeba hatchetti , Acanthamoeba rhysodes , 
A. polyphaga , and Acanthamoeba griffini have been 
identified from amoebic keratitis, a hard-to-treat 
disease of the cornea [155]. This disease causes severe 


ocular pain, photophobia, recurrent epithelial break¬ 
down, and edema, and confirmed by trophozoites and 
cysts in a corneal scrape or biopsy. It was recognized in 
1973 and not common until 1985 when contact lenses 
became popular. Lenses are maintained in a saline or 
tap water solution in a reusable storage case that can get 
contaminated. 

Members of Acanthamoeba also have the ability to 
harbor viruses and bacteria, perhaps serving as vectors 
or reservoir hosts for a variety of agents. Isolates of 
Acanthamoeba from water sources in the Canary 
Islands revealed four different serotypes of adenovi¬ 
ruses, one related to ocular disease and the others 
unknown, probably respiratory, gastroenteritis, or neu¬ 
rologic [156]. A large DNA mimivirus was identified 
from A. polyphaga. Experimental studies [157] have 
shown that coxsackie B3 viruses can be adsorbed on 
the surface and accumulated within A. castellanii. The 
same marine amoeba can also host the bacteria Chla¬ 
mydia pneumoniae and Legionella pneumophila. It did 
not prey on Vibrio parahaemolyticus , but it secreted 
a factor that promoted survival of the bacterium in 
coculture, suggesting the amoeba provides a survival 
to the extracellular pathogen in the environment [ 158] . 
These and other facultative parasites probably contrib¬ 
ute greatly to transmission of microbial disease agents 
as can obligate parasites [159]. 

Nonparasitic: But Confused with Parasites In the 

marine environment, there are, in addition to schisto¬ 
some cercariae, a variety of nonparasitic agents that 
cause similar appearing rashes. The stinging nemato- 
cysts of several members of the phylum Cnidaria (pre¬ 
viously called Coelenterata) have been held responsible 
for “seabather’s rash” or “seabather’s eruption.” Mem¬ 
bers usually go through an alteration of generations 
with asexual polyploidy and sexual medusoid genera¬ 
tions, but there are variations of this life cycle. Divers 
can brush against the nematocysts of fire corals 
(Hydrozoa, Anthomedusae, Millepora spp.) with their 
encrusting calcareous coral-like skeletons, while 
bathers can become entwined in expandable fishing ten¬ 
tacles lined by batteries of nematocysts of the “man-of- 
war” (Hydrozoa, Siphonophora, Physalia spp.) hang¬ 
ing from the gastrozooid, maintained on the surface by 
a gas-filled float. This floating colony appears like 
a medusa but is actually a highly modified polyp. 
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When the long, up to 13 m, tentacle of the Atlantic 
Physalia physalis washes onto sandy beaches, it gets 
ground up in the surf, leaving minute pieces with 
undischarged batteries of nematocysts to get into bath¬ 
ing suits or work gear. Medusa of several jellyfishes 
(Scyphozoa) have been associated with stings and 
rashes. Moreover, some sea wasps and box jellyfishes 
(Cubozoa), exhibiting square cross sections of their 
medusa, have been shown to cause human fatalities. 
The planula larvae of true jellyfishes, such as the thim¬ 
ble jelly, Linuche unguiculata , get under swimsuits, and 
challenge exposures produce a hypersensitive rash 
reaction (Fig. 27). Cases are common along the South¬ 
eastern Atlantic US, Mexico, and the Caribbean Sea, 
but exact identifications and prevalence of these and 
other cases worldwide require study. Systemic symp¬ 
toms from the planulae are considered more common 
than with schistosome dermatitis [ 129] . The sting from 
the planula larva of the burrowing anemone (e.g., 
Anthozoa, Edwardsia lineata as E. leidyi ), appearing as 
a “tiny pink egg” [160] attached to the inner lining of 
bathing suits, has been associated with seabather’s 
eruption in Long Island, New York, from mid-August 
through early September. The planula also parasitizes 
ctenophores, which can get caught in swimming 
apparel and transmit the condition. Not all rashes 
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Visiting, teaching marine biologist at San Salvador, The 
Bahamas, exhibiting back with hypersensitive rash 
developed after and presumably caused by exposure to 
challenge dose of planula larvae of the thimble jelly, 
Linuche unguiculata 


attributed to blood flukes or cnidarians come from 
those agents. Many cases also result not from ejected 
toxins but from rubbing between the bathing suits and 
human skin of molluscan opisthobranch gastropod 
shells, sponge spicules, and spines of zoea and 
megalops larvae of crabs and shrimps, swarms of 
which can occur seasonally in heavy concentrations. 
Rashes attributed to “sea lice” are misleading; the 
term “sea lice” is a common name usually attributed 
to a variety of parasitic copepods but primarily 
Lepeophtheirus salmonis infesting salmon. None of 
these copepods produces human rashes, but some 
marine dermatitis caused by cnidarians has been 
referred to as caused by sea lice. Some polychaetes 
(Annelida) produce an irritating rash as does contact 
with the excrement of some sea cucumbers 
(Holothuroidea) or eating some inadequately cooked 
species. Contact with Cyanobacteria (previously 
referred to as blue-green algae), such as Lyngbya 
majuscula growing on sea grasses in Hawaiian waters, 
has been identified as causing “swimmer’s itch” or 
“seaweed dermatitis.” The agent is called fireweed in 
Australia. Rashes also result from some “harmful algal 
blooms” (red tide) throughout the world. The Internet 
includes some incorrect or misleading information, but 
researchers are tackling some of the cases, especially 
since they have a large impact on recreational and 
occupational activities in the marine and coastal 
environments. 


Indirect (Passive) Contact with Disease-Causing 
Agents 

Eating products contaminated with an agent or drink¬ 
ing contaminated water are herein considered differ¬ 
ently than eating infected products because the food or 
water contaminated with the organism serves as 
a mechanical or passive vector of the agent rather 
than as a host that the organism requires for its survival. 
Also, the agent does not actively penetrate the skin as 
achieved by an agent of swimmer’s itch or marsh itch. 

Trematodes Humans occasionally get infected with 
trematodes in a passive process. A person does not 
knowingly eat a product, and the parasite does not 
actively penetrate a host. For example, a seafood han¬ 
dler who came in contact with an abundance of fresh 
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killed coho salmon ( Oncorhynchus kisutch) known to 
be heavily infected with the trematode Nanophyetus 
salmincola developed an infection exhibiting acute 
clinical signs. He denied eating raw or cold-smoked 
fish and rarely ate any seafood products. Alternatively, 
he could have transferred the minute metacercariae on 
his hand to his mouth while smoking [1, 43]. 

Protozoans Giardiinae (Excavata, Diplomonadida). 
Species of the flagellate Giardia have long been associ¬ 
ated with severe diarrheal disease in humans. They are 
typically considered as freshwater or terrestrial species 
acquired when people drink contaminated water, but 
they have recently been found to be abundant in 
marine waters. The agents were thought to be confined 
to those discharged in raw sewage disposal and from 
recreational swimmers throughout the world, both 
raising public health risks. Consequently, infectious 
cysts or the trophozoites of the flagellates have been 
detected along some marine beaches near sewage out¬ 
fall and canals influenced by runoff, where bathing is 
common in Hawaii [161], as well as in Panama and 
Hong Kong [111]. The trophozoite is a microscopic 
pear-shaped organism with four pairs of flagella. Two 
of these occur within the resistant cyst, and when the 
vertebrate host acquires the cyst, it excysts, releasing the 
trophozoites which reproduce asexually by binary fis¬ 
sion and remain in the lumen or attach to the mucosa 
of the small intestine. Under the appropriate condi¬ 
tions, encystment occurs and both the cysts and tro¬ 
phozoites pass out with the feces. The taxonomic 
classification of members in the genus is not well 
established, but there are five recognized species (e.g., 
[162]), and the genetic characterization of Giardia 
duodenalis , also referred to as Giardia intestinalis or 
Giardia lamblia and the species with the widest host- 
specificity, groups at least seven genetic assemblages 
(genotypes) including Assemblage A, the one most 
commonly found in humans [163]. Giardia sp. occurs 
widespread in the river otter ( Lontra canadensis) from 
the marine waters of Puget Sound Georgia Basin of 
Washington [164], but species also occur abundantly 
in the feces of a variety of temperate and Arctic 
marine mammals such as the right whale ( Eubalaena 
glacialis , 71% prevalence), bowhead whale ( Balaena 
mysticetus ), ringed seal ( Phoca hispida , 65%), Califor¬ 
nia sea lion ( Zalophus californianus), and harbor 


seal ( Phoca vitulina) but not the beluga whale 
(Delphinapterus leucas ) or bearded seal. Assemblage 
A occurred in the harp seal ( Phoca groenlandica ), gray 
seal ( Halichoerus grypus ), and harbor seal ( Phoca 
vitulina) but not the beluga whale [165]. Moreover, 
despite the common occurrence of infections in adult 
seals and cyst contamination on ice floes, cysts were not 
encountered in seal pups less than 1 year of age. How¬ 
ever, the epidemiology and potential for zoonotic 
transmission in marine systems remains virtually 
unknown [164], but the genotypes of G. duodenalis in 
the harbor seal in Puget Sound, Washington, were the 
same as from a canine, from other sites, and were 
mostly novel genotypes [166]. Cysts remain infective 
for about 56 days in relatively deep freshwater cool lake 
water, but at least those of Giardia muris become 
inactivated by the combination of salinity and sunlight 
in warm Hawaiian marine beach water within 3-6 
h [167]. In the Netherlands where the salinity remains 
stable at 28-31 ppt, Giardia cysts were detected in 
what was considered to be a low estimate of 12% of 
oysters, where viability was presumed to be preserved, 
representing some public health risk to those con¬ 
sumers who ate the oysters raw [168]. Cysts have also 
been filtered out of the water and concentrated by the 
blue mussel, Mytilus edulis , and other bivalves, and this 
tool has been used to monitor G. lamblia in Ireland 
[169] and for that and other species or genotypes 
elsewhere [112, 170]. Depending on the size and 
species of bivalve, it can filter as much as 20-100 1 of 
water per day. Much information on human health 
risks from beaches and marine waters, animal health, 
source of agents, dispersal of agents, and primary vec¬ 
tors can be established by a variety of surveillance pro¬ 
grams. For example, a survey of live and dead, stranded 
and bycatch, birds, dolphins, seals, and fishes was 
conducted in the Northwest Atlantic using PCR tech¬ 
niques [171]. With the exception of infections in seals, 
those of Giardia spp. were more frequent than those of 
Cryptosporidium spp., to be discussed next. 

Coccidiasina (Chromalveolata, [Alveolata, 
Apicomplexan]). Coccidian species in the genus Cryp¬ 
tosporidium pose a stronger human risk for infections 
than those in Giardia [112], especially species in estu¬ 
aries compared with freshwater [169]. Typically, 
marine mammals, invertebrates, and marine water are 
examined for the agents concurrently with Giardia 
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because the agents are transmitted by the fecal-oral 
route from humans and other mammals. Thick-walled 
oocysts are passed in the feces as a resting cyst, each 
with four sporozoites infective to the vertebrate host, 
where development occurs. Additionally, there is 
a thin-walled cyst that cannot survive long in a harsh 
environment, but it may lead to endogenous autoin¬ 
fection. This seems to be especially true for persistent 
infections in immunocompromised patients. A total of 
14-15 species are accepted [172, 173], and several are 
known to infect humans: Cryptosporidium hominis 
(previously Cryptosporidium parvum genotype 1), 
C. parvum , Cryptosporidium meleagridis, Cryptosporid¬ 
ium felis , Cryptosporidium canis , and Cryptosporidium 
muris , with most human infections from C. hominis 
and C. parvum. Human agents have been detected in 
more marine recreational areas than Giardia. They 
occurred in Hawaii, Panama, Puerto Rico, Australia 
(tidal area of Georges River), and Hong Kong [111]. 
In fresh deionized water, oocysts of C. parvum can 
survive for at least 6 months at 0-20°C, 3 months at 
25-30°C, 1 week at 35°C [172], As many as 10 9 to lO 10 
can be excreted from bovine calves or non- 
compromised humans per week, and as few as 30 
oocysts have been known to infect a human volunteer 
[174]. Bioassays in mice show that oocysts of 
C. parvum can survive 12 weeks in 30 ppt at 10°C and 
at 20° C for 12 at 10 ppt, 8 weeks at 20 ppt, and 4 weeks 
at 30 ppt, which was long enough for the oocysts to be 
removed by filter feeding bivalves such as the eastern 
oyster ( Crassostrea virginica ) [170]. Literature reports 
consist of a variety of bivalve mollusks from seven 
countries that contained Cryptosporidium as detected 
by immunofluorescence microscopy, bioassay in mice, 
or molecular methods [111]. In North America, 
oocysts have been detected from New Brunswick to 
Texas. Gill washings from the oyster near a large cattle 
farm and septic tanks were positive for the oocysts and 
infective to mice [170]. The agents occur in 
hematocytes as well as on gill surfaces, and they were 
more abundant after rainfall events, with two of the 
four identified species (C. hominis and C. parvum) 
infective to humans [111]. The same two species plus 
C. meleagridis also occurred in North American com¬ 
mercial products [111]. Species have also accumulated 
in hard clams, bent mussels, and zebra mussels [175]. 
To date, no human cryptosporidiosis cases have been 


linked to eating raw shellfish [111], even though some 
human genotypes have been concentrated in various 
bivalves. There is a higher prevalence of infection of 
both Cryptosporidium spp. and Giardia spp. in the 
ringed seal and right whale than in reported terrestrial 
mammals, and those infections might result from 
ingestion of contaminated water or from prey that 
had concentrated oocysts [176]. Other hosts of Cryp¬ 
tosporidium spp. include the California sea lion, 
bowhead whale, dugong ( Dugong dugon in Australia), 
and marine foraging river otter but not the bearded seal 
and beluga whale [164, 176]. Isolates from the ringed 
seal from Nunavik, Quebec, were genetically character¬ 
ized using two gene fragments and actin loci as 
C. murus plus two novel genotypes that were distantly 
related [177]. The risk for recreational bathers to come 
into contact with C. parvum was significantly greater 
on weekends than on weekdays, when the number of 
bathers was lower. The same was true in that Chesa¬ 
peake Bay marine beach for G. duodenalis and 
Enterocytozoon hieneusi , a microsporidian to be 
discussed below [178]. The proportion of water 
containing the agents also correlated significantly 
with enterococci counts. The study suggested using 
those counts to indicate the presence of the parasites 
and recommended preventing diapered children from 
entering the water, restricting the number of bathers in 
the recreational areas, advising those with gastroenter¬ 
itis to avoid bathing, and using showers prior to and 
after bathing. 

Birds contract cryptosporidiosis with at least five 
avian species and numerous avian genotypes, and some 
of these have been investigated in regard to infecting 
mammals. They can also serve as vectors of Cryptospo¬ 
ridium spp., Giardia spp., and microsporidians infec¬ 
tive to humans. In fact, aquatic birds seem to play 
a substantial role in contaminating water around the 
world, and managing water resources could benefit by 
incorporating protection measures for pathogens 
linked to these birds [120, 179]. In contrast, little 
research has been conducted to evaluate the public 
health threat of species of Cryptosporidium and related 
genera described from marine and freshwater fishes 
and from amphibians and reptiles. The various taxa 
and isolates have been reviewed [180]. 

Entamoebidae (Amoebozoa). Some strains or spe¬ 
cies of amoeba Entamoeba histolytica complex also are 
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zoonotic threats. Poorly documented records of infec¬ 
tions in the bottlenose dolphin ( Tursiops truncatus ) 
from Cuba, Mexico, and other locations suggest 
a relationship among the marine mammals, sewage, 
recreational beaches, and human infections. 
Researchers at the Gulf Coast Research Laboratory 
and the American Type Culture Collection have seen 
cysts but were unable to culture material from the 
bottlenose dolphin ( Tursiops truncatus) from Mexico. 
Because there were slight morphological differences 
between it and E. histolytica sensu stricto, this subject 
deserves a critical investigation to determine if the 
dolphin form is restricted to marine mammals and 
whether it can cause fulminating dysentery, bloody 
diarrhea, fatigue, and abdominal pain in humans. Pos¬ 
sibly, the agent was acquired by the dolphin from 
humans during associated recreational activities or 
from human sewage. 

Parasites That Produce Excretions or Secretions 
That Result in an Immunological Response in 
People 

Ascaridoid juvenile nematodes produce excretions and 
secretions (ES products) that elicit immunological 
responses. These responses include both the allergic 
response by the host to living worms migrating into 
or through tissues and true anaphylactic reactions trig¬ 
gered by dead or living worms by food-borne, airborne, 
and skin contact routes [75]. Ascaridoids are unusual 
among nematodes to produce such reactions. Most 
concerning is that some sensitized individuals respond 
to infected cooked seafood products and even chicken 
that has been fed fish meal made from infected fish 
products [181]. 

The tissue migration by ascaridoids is made possi¬ 
ble by potent proteolytic enzymes released from the 
esophageal gland and excretory cell through separate 
anterior openings. These contain hyaluronidase, serine 
proteases, anticoagulants, and numerous other identi¬ 
fied and unidentified substances, but only specific ones 
probably produce the well-defined, erosive, hemor¬ 
rhagic lesions in the gastric mucosa and these and 
others produce other effects in the human accidental 
host. Metabolic products released by the migrating 
juvenile also produce humeral and cellular responses, 
especially involving the acute lesions. These products, 


also including surface and somatic components of the 
juvenile, form insoluble immune responses with anti¬ 
body. Some also cause direct IgE-independent degran¬ 
ulation of mast cells, at least in sensitized mice, and 
chemotaxis of eosinophils associated with thermolabile 
factors from the parasite, and produce the characteris¬ 
tic local response in the digestive tract but not system- 
ically like in most other helminth infections [75]. 
When either living or dead individuals of A. simplex 
are ingested, cholinergic hyperactivity and adrenergic 
blockade can be rapidly induced, resulting in focal 
reactions associated with living worms but widespread 
along the entire bowel if the worm becomes ruptured 
or disintegrated. These activities may explain why 70% 
of the symptoms in A. simplex- induced anaphylactic 
reactions involve the digestive tract. 

Anaphylaxis appears to be complex. Rodent studies 
demonstrate a mixed Thl/Th2 pattern of cytokines 
when the host is sensitized and challenged intrave¬ 
nously with certain parasites, but not when challenged 
orally. When the antigen is an extract of A. simplex 
proteins or a live worm, a strong Th2 response occurs, 
resulting in scratching, irritability, diarrhea, and puff¬ 
iness around the eyes within 1 h. The multifaceted 
immune hypersensitivity reactions after induction by 
members of the Anisakis simplex complex have been 
investigated in terms of a wide range of parasite prod¬ 
ucts and host cells; a concise helpful review treats all the 
known facets [75]. Hypersensitivity is usually diag¬ 
nosed by skin prick tests and in vitro confirmation 
(specific IgE, histamine release, and basophil activation 
test). The skin prick test for A. simplex was first used in 
1995 and now is used by physicians as an important test 
for cases of urticaria and anaphylaxis [75, 182, 183]. 

Recognition of allergic signs has been emphasized 
because of cases in Spain and South Africa. In Spain 
where fish is consumed abundantly, what was referred 
to as A. simplex is the most important hidden food 
allergen in the adult population suffering acute urti¬ 
caria and anaphylaxis. It comprises as much as 10% 
of the anaphylaxis previously diagnosed as idiopathic 
[75], if the specific immunoglobulin E (IgE) detec¬ 
tion by ImmunoCAP assay did not overestimate the 
number of sensitized subjects. Anisakiasis in Spain 
is caused primarily by eating pickled anchovy 
(Engraulis encrasicholus) . That fish plus European 
hake ( Merluccius merluccius ) and cod ( Gadus morhua , 
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just in Atlantic Ocean rather than in both the Mediter¬ 
ranean Sea and Atlantic Ocean) are eaten by allergic 
patients. Half the 64 allergic patients in one report 
required emergency treatment [184]. Half of the 
patients presenting signs of infection said they ingested 
raw fish, but the remainder ate cooked fish or, in rare 
cases, canned fish. Allergic cases requiring hospitaliza¬ 
tion demonstrated respiratory arrest, severe shock, and 
persistent angioedema. 

In Spain, the matter of allergic responses in 
“gastroallergic anisakiasis” remains complicated and 
seems to be reported primarily from some regions in 
Spain. Patients entering the hospital emergency room 
with a severe acute epigastric pain and positive Anisakis 
prick tests plus total and specific IgE assays were 
divided into two groups. One group was diagnosed by 
the presence of at least one worm in the stomach, and 
the other group which had no worm seen in the stom¬ 
ach. Most patients had just eaten raw or pickled ancho¬ 
vies. Both groups averaged about 5 h, but up to 26 h, 
between intake of raw fish and onset of hypersensitivity 
symptoms, and no significant difference occurred 
between the two in their allergic symptoms of urticaria, 
angioedema, erythema, bronchospasm, and anaphy¬ 
laxis, suggesting a borderline condition between 
a food allergy and parasitic disease supporting quick 
removal of the worm from the stomach. Moreover, 
only 26 of 40 patients required drug therapy to manage 
the allergic reaction, with only three requiring it for 
more than 1 day, suggesting an acute, self-limiting 
disease. In contrast, anaphylaxis can be life threatening, 
but abdominal symptoms disappeared within a few 
hours after removal of the worm [185]. When 
a portion of the Anisakis- sensitized groups with gastric 
worms, without gastric worms, and with no gastros¬ 
copy conducted (when symptoms did not persist for 
more than 8 h) were challenged with frozen worms 
from the blue whiting ( Micromesistius poutassou , from 
either Atlantic or Mediterranean sources) and later 
from undocumented hosts on multiple occasions, 
there was no patient who suffered a reaction. This 
lack of a response to the thermostable proteins 
suggested that live worms had to be present for the 
allergic symptoms to occur [186]. Because the speci¬ 
mens from the Mediterranean Sea were from the 
anchovy, they were A. pegreffti [70] and not A. simplex 
as reported, even though if some material came from 


the Atlantic Ocean, both species could have been pre¬ 
sent. However, human infections with A. pegreffii are 
typically gastric in nature, and those of A. simplex are 
usually intestinal, based on findings from Japan, where 
10% of healthy adults were seropositive against the 
Anisakis antigen [187]. The fact that some individuals 
exhibit allergic episodes when no viable nematode is 
present may express a difference between the effects of 
A. pegreffti and some other species of Anisakis or may be 
variation in responses by individual patients. 

The cases in Western Cape Province, South Africa, 
involved workers in fish-processing plants. An epide¬ 
miological study of 578 workers from two large-scale 
plants reported 30 workers (5%), who said they had 
allergic symptoms to seafood. A total of 87% said 
symptoms occurred after eating fish, 40% after han¬ 
dling them, and 17% after smelling them. A prevalence 
of sensitization was tested as 6% with a higher value of 
8% sensitive to Anisakis [188, 189]. Anisakis- specific 
IgE reactivity in the workers was determined to be 
associated with bronchial hyperreactivity and dermati¬ 
tis. In corresponding mice studies, the juvenile worm 
induced a striking Th2/type 2 response. The investiga¬ 
tion suggested that consumers acquiring an infection 
most likely can acquire sensitization to anaphylaxis, but 
that exposure to Anisakis proteins alone maybe enough 
to elicit allergic reactions in sensitized individuals. In 
other words, occupational exposure to infected fish or 
fish meal constitutes a risk factor for developing sensi¬ 
tization to Anisakis or other ascaridoid-related allergic 
disease. 

Historically, eating fish fillets infected with the ple- 
rocercoids of trypanorhynchean cestodes has been con¬ 
sidered harmless with rare exception. All members of 
the group mature in elasmobranchs. In fact, some 
infected intermediate host products are preferred over 
noninfected counterparts; one example is the flesh of 
the Atlantic pomfret, Brama brama , also known by 
a variety of other common names, infected with plero- 
cercoids of Gymnorhynchus gigas and preferred by some 
Portuguese [99]. Recently, the rat and mouse were 
orally inoculated with plerocercoids of G. gigas to test 
for anti-worm IgG, M, and A (H + L) levels in intestinal 
fluids and serum as well as specific serum IgE levels by 
enzyme-linked immunosorbent assay (ELISA) [190]. 
Levels of all increased in the challenged mouse, pro¬ 
ducing distress. The rat had an increased expression of 
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heat shock proteins in the intestine and spleen. 
Repeated exposure to the worm in the rodents pro¬ 
duced clinical signs appearing progressively more rapid 
and lasting longer, suggesting that feeding on infected 
fish triggered production of anaphylactic-type anti¬ 
bodies in rat, mouse, and, by implication, human. 

Management, Control, and Treatment of 
Parasites Affecting People 

Management 

Management starts with education about parasites. 
Parasites are or may be involved with a recognized or 
unrecognized problem but are not necessarily harmful 
or bad, if certain practices are recognized or followed 
by regulating agencies, funding agencies, the seafood 
industry, consumers, and those using marine waters for 
occupation or recreation. Harm can be done if partial 
data deludes people not to eat seafood or not to enter 
the water. 

Being alerted to public health risks allows people to 
make choices about what product to eat, how it should 
be prepared, when to avoid a product, when not to 
enter specific bodies of water, and when to visit 
a physician. If the industry provides a safe and sanitary 
product to its customers, the number of customers will 
increase. 

Control 

The best way for processors and restaurants to control 
infections with most helminths and most protozoans is 
to freeze or heat the product. Some restaurants flash- 
freeze products sold as fresh to avoid infective prod¬ 
ucts, and apparently few customers can detect the dif¬ 
ference from the never frozen products. If products 
with few or no parasites can be provided to these 
groups by fishermen or fish farmers, that product will 
be in higher demand, able to meet regulations, and 
more valuable. Controlling infections by interrupting 
a parasite life history link and harvesting from a 
noninfected region are easy ways to avoid future 
problems. 

Heating and Freezing 

Historically, the US Food and Drug Administration 
(FDA) [191] has recommended food-service industries 


to cook fish products to an internal temperature of at 
least 63°C by conventional methods or to an internal 
temperature of 74° C by a microwave process rotated 
midway through the process and allowed to stand for 
2 min afterward. Any process sufficient to kill bacterial 
pathogens also will kill parasites. 

However, the FDA, under the seafood Hazard Anal¬ 
ysis and Critical Control Point (HACCP) regulations, 
will allow for a facility to submit to it an alternative 
proposal with justification to modify the recommen¬ 
dations. When ten specimens of Anisakis simplex sensu 
lato were embedded into an approximate 1.8-cm-thick 
portion of a fillet of the arrowtooth flounder 
(.Atheresthes stomias) and microwaved, the viability of 
the worms was assessed. Survival was determined as 
31% at 60°C, 11% at 65°C, 3% at 74°C, and 0% at 77°C 
[192]. Thick salmon fillets with Diphyllobothrium 
spp. and Anisakis spp. require additional cooking. 
Microwaving pork chops with Trichinella spiralis still 
had active juveniles at 82° C, and microwaving can 
produce temperatures differing by 20° C when mea¬ 
sured just 1 cm apart. The purpose of HACCP Regula¬ 
tion, as implemented in 1997, is for processors of fish 
and fisheries products to develop and implement rea¬ 
sonable plans for safe and sanitary procedures. Recom¬ 
mendations are established at each point that specific 
parasites can be detected, eliminated, or treated, and 
FDA will guide and work with those people and facilities 
in the industry to provide their specific appropriate 
plans and systems (www.fda.gov/Food/FoodSafety). 

Freezing infected fisheries products is also not clear 
because the effectiveness depends on the temperature 
of the process, the length of time undergoing freezing, 
the length of time held frozen, the fat content of the 
product, and the species and stage of the parasite. 
For example, most cestode plerocercoids are more 
susceptible to freezing than nematode juveniles, which 
in turn are more susceptible than encysted trematode 
metacercariae. FDA recommends the following: freezing 
and storing at — 20° C or below for 7 days, freezing at 
—31°C or below until solid and then storing at that 
temperature for 15 h, or at — 4°C for 24 h. The fishing 
industry has used a process called “blast freezing,” which 
rapidly reduces the temperature to — 40°C, and it has 
shown to effectively kill parasites and not have much 
influence on flavor or texture of the product. Also, most 
US sushi bars freeze their fish [ 1] . 
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Other communities have different recommenda¬ 
tions or regulations. The European Food Safety 
Authority presented a scientific opinion on food safety 
related to parasites in fishery products [193]. The pres¬ 
ence of Anisakis was of major concern for products 
intended for marinating, salting, and eating fresh. 
Treatments should provide an equivalent level of pro¬ 
tection as freezing at — 20°C for >24 h, at — 35°C for 
>15 h, or —15°C for >96 h at the product’s core; heat 
treatment should be >60°C for at least 1 min. These are 
less rigorous than those in the USA but more than some 
other regulations. Emphasis focused on the insuffi¬ 
ciency of many traditional marinating and cold¬ 
smoking methods to kill the juvenile worms. Some 
metacercariae can tolerate more-harsh temperatures 
and treatments than other parasites. 

Detection of Parasites and Culling 

Large parasites and those that contrast well with the 
infected seafood product are those most easy to detect. 
Many of these are not harmful to consumers, but they 
will have an influence on whether consumers will pur¬ 
chase the products or eat them in a “raw” state. Some, 
such as Anisakis spp. and Pseudoterranova spp., consti¬ 
tute a public health risk, and these have attracted 
research in detection methodology. The efficiency of 
successively more accurate methods for detecting these 
nematodes range from (1) gross visual inspection, 
(2) candling on a light table, (3) candling of belly 
flaps (ventral portion of fish), (4) ultraviolet illumina¬ 
tion (UV) of frozen fillets, (5) pepsin/hydrochloric acid 
degradation, and (6) UV illumination of frozen 
remains [194]. Candling or passing a product over 
a light table, either sandwiched between two glass or 
plastic plates, sliced fillet, or whole fillet, has been 
a popular method for several decades and usually the 
recommended method during industrial pro¬ 
cessing of marine fish intended for human consump¬ 
tion. European Union regulation 91/493/EEC and 
Norwegian fish quality regulations require removal 
of any visible parasites seen in gross inspection 
of commercial products by spot checking [194]. 
The more efficient methods indicated above are 
occasionally used for scientific purposes, and in one 
article [194] examining Norwegian spawning herring, 
mackerel, and blue whiting from the Northeast Atlantic 


Ocean for nematode juveniles in fillets, the detection 
efficiency for candling was 10% or less. After testing 
with the other listed methods, the highest values were 
obtained with UV illumination of remains after enzy¬ 
matic digestion. Size and thickness of fillet as well as 
texture and color of flesh influence the efficiency. Press¬ 
ing 2-3 mm layers of fillet with a hydraulic and manual 
press between 12-mm-thick acryl glass sheets, deep¬ 
freezing the removed cake in a plastic bag, and exam¬ 
ining the sample in the bag with UV light at 366 nm 
more than doubles the recovery rate of candling at 
1,500 lx; this method is rapid and good for surveys 

[195] . Imaging spectroscopy provides a promising 
method to detect spectral and spatial information 
from nematodes in cod as deep as 0.8 cm below the 
surface of the fillet. That is deeper than can be deter¬ 
mined by manual inspection, but the instrumentation 
has not been perfected enough for commercial use 

[196] . 

Fish Farming Practices 

In Europe, apart from farmed Atlantic salmon, suffi¬ 
cient monitoring data on marine products are not 
available [193]. A wealth of information occurs in the 
literature and on Internet sites about how to detect and 
treat parasites and control infections, usually with 
focus on health of the cultured product rather than 
on a human consuming or coming into contact with 
the product. This chapter does not recommend or 
discuss the numerous specific methods for use in fish 
farms and other aquaculture operations, but parasites 
are best managed in those facilities by breaking the link 
in the life cycle that can disrupt or eliminate the infec¬ 
tions. Fish in culture can have more or fewer parasites 
than wild products, and the degree relates to several 
factors [1]. 

Treatment 

This chapter mentions a few chemotherapeutic treat¬ 
ments for infected patients but purposely does not 
attempt to provide compounds for all taxa. People are 
becoming resistant to some compounds, some com¬ 
pounds have serious side effects, the Internet contains 
both good and poor or misleading advice, and new 
compounds are continually being tested or made avail¬ 
able. Because a reader should use or recommend the 
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most reliable treatment for the agent or strain, the 
reader should seek professional advice. Recent infor¬ 
mation has been compiled such as that found in the 
most recent edition by Garcia listed in the “Books and 
Reviews” or some other recent source. The Centers for 
Disease Control and Prevention (CDC) has a website 
with much helpful information and a willingness to 
respond to individuals that contact it. On the other 
hand, methods to avoid infections by properly freezing 
or cooking a product occur above. Of course, because 
of well-entrenched customs, the wonderful flavor of 
raw or specially prepared seafood, and the lack of 
knowledge about most parasites, inadequately pre¬ 
pared and uncooked products will always pose a risk 
of infection. 

Future Directions 

As seen already in this chapter, a wealth of information 
has been acquired in the last few decades regarding 
parasites that pose a public health risk. Many questions 
remain unanswered and lifetimes of research will be 
required to answer these and additional questions 
regarding the risks and what to do about them. Some 
of the suggested paths for future research occur below 
in five overlapping categories: 

1. Harmful parasites presently unknown or 
unrecognized still need to be discovered. Because 
of new cuisines, opportunities to get infected, 
methods to characterize agents, and methods to 
detect agents as well as variability in human 
responses to parasites, those parasites need to be 
determined that are capable of infecting humans. 
As seafood products are overfished or the con¬ 
sumers increase in number, seafood products need 
to come from new areas or new products. Conse¬ 
quently, the risk for acquiring an infection from 
a product historically recognized as safe increases 
without the consumer’s knowledge. Protozoans 
cannot be seen without a microscope, and infec¬ 
tions by marine species and freshwater species 
flushed into the marine environment are being 
recognized as important agents affecting human 
health, and the marine environment probably con¬ 
tains many more of these than recognized. 

2. An improvement in taxonomy of many parasitic 
groups will allow the scientific community and 


public to know what species or genotypes are 
involved with diseases in different areas resulting 
from different parasite life histories. Morphologi¬ 
cally similar species can elicit entirely different 
responses, and the knowledge of what specific 
agents are where and what signs of disease result 
from which of those agents comprises a fundamen¬ 
tal cornerstone of biology and research. Taxonomic 
research will involve morphological treatment of 
quality specimens from both humans and natural 
hosts backed up with corresponding molecular 
characteristics. Molecular tools (PCR, quantitative 
PCR, sequence analysis, and other techniques) 
allow better detection and diagnosis of some of 
these parasites and consequently improve our 
understanding of the epidemiology of human 
infections, the geographic range of the agents, the 
hosts of the agents, and the longevity of the para¬ 
sites. Taxonomic studies matching genetic 
sequences with corresponding morphological data 
help identify or establish sister and cryptic (closely 
related) species or strains. This is true for helminths 
as well as protozoan groups as indicated in the 
discussion of specific taxa. In addition to needing 
supplemental molecular research on taxonomy, 
identifications, and diagnoses, molecular tools will 
help determine/confirm life cycles, life histories, 
mechanisms of pathogenesis of infections, and 
approaches to manage, control, and treat the 
specific agents. 

3. Once specific agents are characterized, methods to 
detect and diagnose them need improvement, espe¬ 
cially by noninvasive means. This is especially 
important because many parasites do not mature 
in humans, thereby not allowing the detection of 
diagnostic eggs, cysts, and spores in the feces or 
blood. Even when parasites do mature in patients, 
they cannot always be specifically identified. For 
example, most heterophyids have very similar 
eggs, and biological variation occurs for each spe¬ 
cies. Cross-reactivity occurs in many of the present 
serological and molecular assays. In the case of 
Paracapillaria philippinensis , there is a need to iden¬ 
tify juvenile stages as well as serologic or other 
diagnostic methods to assess infections when eggs 
and adult specimens are not apparent in fecal exam¬ 
inations. Improved molecular assays could also 
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detect specific infected fishes in specific locations 
that are responsible for most of the resulting human 
infections. More sensitive methods are necessary to 
detect general and specific isolates of Cryptosporid¬ 
ium ,, Giardia , and T. gondii in bivalves, where 
some unknown and nonremovable components 
inhibit the presently used PCR reactions [168]. As 
indicated above, many more protozoans probably 
infect humans, and new methods will allow their 
detection. 

4. Surveillance methods of known agents require 
improvement so that infections can be reduced, 
and causes can be detected. In Europe, the EFSA 
recommends coordinated studies to improve and 
implement surveillance and diagnostic awareness of 
allergic reactions to parasites in fishery products and 
encourages epidemiological studies throughout 
Europe to assess the impact of Anisakis on human- 
associated disease, including all allergic forms 
[ 193] . All surveillance programs in the marine envi¬ 
ronment are in an early stage of research, and many 
could be implemented in conjunction with micro¬ 
biological studies involved with maintaining 
healthy waters. 

5. There is a need to create ways to avoid parasitic 
infections without having to reduce seafood con¬ 
sumption or reduce time spent in the water for 
recreation or occupation. The spread of informa¬ 
tion in a subtle manner should definitely reduce 
parasite infections in most countries today. On the 
other hand, this can be difficult when an improved 
economy in areas such as Vietnam have increased 
the social activities that are conducive to eating 
more raw seafood because it is “healthier when 
eaten raw” and acquiring more parasites. Also, 
global climate changes can affect infections as 
exemplified earlier for the peoples of Hokkaido 
Island, Japan, who understood parasitic infections 
and depended on their seafood products. 

A few causes for human infection by zoonotic par¬ 
asites that seem correctable by means other than 
spreading knowledge about specific parasites include 
unsanitary defecation habits, use of human excreta as 
fertilizer, inadequate sewerage systems, and inadequate 
aquaculture practices. New ideas associated with 
acquired knowledge about infective parasites and 


their life histories can contribute to modifications in 
sources of products and methods of complex food 
consumption and cooking habits. The latter include 
economic and sociocultural factors such as beliefs and 
tradition. Examples of traditional dishes in addition to 
those already mentioned include raw or partially 
cooked aquatic products such as raw crab soaked in 
soy sauce (ke-jang, Korea), raw drunken crabs and raw 
grass carp in China, and raw fish in Thailand (Koi-pla 
[raw fish with chopped garlic, lemon juice, chili, rice, 
and vegetables] and pla som). In contrast, in some 
industrialized countries like Japan, where eating raw 
fish is widespread, infections can be coupled with for¬ 
eign travel and with eating imported foods or exotic 
delicacies. 
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Glossary 

Assimilation The process of combining observations 
of the atmosphere with a “first guess” (usually a 
model forecast) to define the atmospheric state on 
a forecast model grid. 

Geostrophic balance A possible state of rotating fluids 
in which flow is directed along pressure gradients 
rather than across them. 

Gravity waves Rapidly moving atmospheric distur¬ 
bances driven by gravity acting on vertical density 
gradients. Often arise as a consequence of spurious 
geostrophic imbalance in initial conditions. 
Hydrostatic balance State in which the vertical pres¬ 
sure gradient force cancels the downward accleration 
of gravity. Approximately obeyed in atmospheric 
flows with horizontal scales larger than several km. 
Instabilities (or unstable modes) Spatial patterns in a 
flow that are able to extract energy from the back¬ 
ground flow and grow in amplitude. 

Primitive equations Complete set of equations 
describing flow of a thin envelope of fluid or gas 
surrounding a sphere. 

Resolution Separation in space of notional points at 
which quantities are defined in a numerical model. 

Definition of the Problem 

Awareness of weather and concern about weather in the 
proximate future certainly must have accompanied the 
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emergence of human self-consciousness. Although 
weather is a basic idea in human existence, it is diffi¬ 
cult to define precisely. Weather intuitively refers to a 
set of atmospheric conditions prevailing over a rela¬ 
tively small area, and even more emphatically, over 
a relatively short time. The immediacy contained in 
our notion of weather may be reflected in the fact that 
in many languages the same root appears in the words 
for time and weather, for example, Spanish ( tiempo) or 
Hungarian ( ido ). Thus, weather is to be distinguished 
from the notion of climate, or more subtly from the 
notion of “spells” which imply a time window any¬ 
where from a week to several years. Our experience of 
weather does involve quantities which can be defined 
with reasonable precision. These include air tempera¬ 
ture, wind speed, precipitation rates and types, cloud 
cover, and also humidity, air-quality, and barometric 
pressure. Numerical weather prediction (NWP) is the 
attempt to predict the evolution of such quantities by 
solving a set of partial differential equations which 
describe the dynamics of a fluid like the atmosphere 
[1, 2]. These equations must be solved using approxi¬ 
mate or “numerical” techniques using computers. They 
are integrated forward in time from a set of initial 
conditions, which are derived from an optimized com¬ 
bination of observations and previous model forecasts. 
This bootstrapped procedure is known as the analysis 
cycle and is an integral part of the activities at all 
modern forecasting centers. 

NWP and global climate simulation are closely 
related problems. The models used in both endeavors 
are essentially the same. A key difference between NWP 
and the climate problem is the role of atmospheric 
initial conditions. Initialization of the atmosphere is 
of secondary importance in multiyear climate simula¬ 
tions. However, good initialization of the atmospheric 
state is at the heart of the forecasting problem. Initial¬ 
ization must give an accurate and comprehensive rep¬ 
resentation of the state of the atmosphere that is 
compatible with numerical forecast model being used. 
The initial state must also satisfy a number of “balance 
constraints” to avoid spurious initial variability. 

Lewis Fry Richardson (1881-1953) reported the 
first numerical weather forecast, performed using 
hand calculations, in 1922 [3]. His attempt did not 
succeed for reasons that are summarized below, and 
discussed in detail in the book by Lynch [2], but 


Richardsons effort marks the beginning of NWP as 
a field of inquiry. 

Introduction: Direct Simulation of Atmospheric 
Flows 

In order to appreciate the challenges faced by numeri¬ 
cal models of the global atmosphere it is useful to have 
a sense of the complex nature of the motions which 
must be represented. A brief account of some of the 
dynamical processes that play a part in weather is given 
below. For more details, the reader is referred to 
the excellent, comprehensive introduction to the 
dynamics of the atmosphere and ocean by A.E. Gill 
(1937-1986) [4]. 

A Zoology of Atmospheric Motion 

The atmospheric flows which are responsible for creat¬ 
ing weather span a wide range of space and time scales 
and are driven by rich variety of dynamical and thermo¬ 
dynamic processes. Atmospheric flows may be forced by 
features at the Earth’s surface. Mountainous terrain 
forces atmospheric circulations with spatial scales rang¬ 
ing from several kilometers to several thousand kilome¬ 
ters. Surface temperature contrasts, most pronounced 
between land and ocean but also created by variations in 
ground cover, force sea-breeze circulations with scales of 
tens of kilometers, [5] as well as continental-scale mon- 
soonal circulations ( Table 1) [6-8]. 

External forcing can produce wave-like motions in 
the atmosphere. Gravity waves, or buoyancy waves, 
exist because of density stratification in the atmo¬ 
sphere, and are analogs to waves on the surface of 
water. These waves are typically one to hundreds of 
kilometers in scale, and have periods of minutes to 
hours, although in the tropics both spatial and tempo¬ 
ral scales may be longer [4]. Gravity waves may play 
a role in triggering convection [9-11], as well as in 
organizing convection in the mesoscale [10, 12, 13]. 
Mountain waves are large, nonlinear, gravity waves 
generated by flow over mountains with horizontal 
scales from less than ten kilometers to several hundred 
kilometers. Such waves are responsible for a number of 
local but intense winds [14]. Gravity waves are also 
notorious for contaminating forecasts when errors in 
initial conditions are present. 
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Weather Prediction Models. Table 1 Motions in 
atmosphere 


Phenomenon 

Spatial 

scale 

Temporal 

scale 

Role in 
weather 

Acoustic 

Meters 

Seconds 

None 

waves 




Gravity waves 

1-1,000 km 

15 min to 
days 

Initiating and 

organizing 

convection. 

Mountain 

flows, 

e.g., Chinooks, 
Foehns... 

Eastery waves 

500- 
2,000 km 

Days 

Organizing 

tropical 

convection, 

tropical 

cyclogenesis 

Baroclinic 

instability 

Thousands 
of km 

Days 

Midlatitude 

cyclogenesis 

Madden- 

Julian 

oscillation 

10,000 km 

20-60 

days 

Possible 
modulation of 
tropical and 
midlatitude 
weather 


Rossby waves [4, 15-17] named after the Swedish 
meteorologist Carl Gustav Rossby exist because of the 
change in the effective rotation rate experienced by 
a fluid parcel as it moves from equator to pole. The 
effective rotation rate at the Equator is zero, since all of 
the effects of Earth’s rotation are directed in the vertical 
and are felt as a slight reduction in the pull of gravity. At 
the poles, the effective rotation rate is as intuitively 
expected - one cycle or 2n radians per day. In between 
equator and pole, this rate varies as the sine of latitude. 
Rossby waves which exploit this gradient have scales of 
thousands to ten thousands of kilometers and periods of 
days to weeks. Immense planetary-scale Rossby waves or 
“planetary waves” generated by topographic features 
such as the Himalayas and Rockies, as well as, by conti¬ 
nental-scale land-sea contrasts, dominate the tropo¬ 
spheric flow and are responsible for the mean position 
of the jet-streams, and for the mean paths of storms. 

Probably more important in the overall problem of 
weather, and certainly more difficult to predict, is 
another class of flows driven by internal exchanges of 


energy in the atmosphere. These instabilities or unstable 
modes are essentially flow patterns that are able to extract 
energy from their surroundings and grow in amplitude. 
Initial growth of unstable modes is typically exponential. 
Familiar examples of such behavior in fluids include the 
growth of wind driven waves on the surface of water. The 
convective instability of a fluid heated from below is 
another example that is both familiar in everyday expe¬ 
rience and also important in the atmosphere. 

In the atmosphere, a particularly important mode 
of unstable growth is through baroclinic instability 
[18, 19]. This instability arises from a combination of 
thermal and inertial effects in a rotating fluid with 
a horizontal temperature along the lower boundary. 
Baroclinic instability is characterized by length scales 
of 1,000 km and growth times of days - making it a key 
factor in weather. It is fair to say that the problem of 
weather forecasting in midlatitudes is essentially that of 
predicting the evolution of baroclinically unstable 
modes in the atmosphere. 

The tropics possess another as yet poorly under¬ 
stood class of motions, in which moist heating plays 
a key role in energizing and modifying wave motions in 
the atmosphere [20]. Tropical easterly waves [21] have 
periods of several days and scales of hundreds to thou¬ 
sands of kilometers and play an important role in the 
genesis of tropical cyclones [22-24]. The Madden- 
Julian oscillation or “MJO” [25, 26] is an eastward 
traveling disturbance in the tropics with a length scale 
close to 10,000 km and a period of weeks. It is thought 
to play a role in modulating tropical cyclone frequency 
in various basins [27-31] and possibly midlatitude 
disturbances as well [32, 33]. The dynamics behind 
the MJO are not yet understood. Successful forecasting 
of the MJO could improve prospects for accurate fore¬ 
casts out to lead times of weeks [34]. 

Early History 

Weather prediction, not climate simulation, was the 
original motivation for developing numerical models 
that describe the time evolution of the atmosphere. 
Richardson’s 1922 attempt at NWP predates initial 
attempts to study climate numerical models by at 
least four decades. The first attempts at simulating the 
longer-term equilibrium state of the atmosphere did 
not occur until the 1960s [35]. 
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The notion of predicting weather systematically 
using equations to describe the evolution of systems 
can probably be traced to the Norwegian meteorologist 
Vilhelm Bjerknes (1862-1951) [1, 2] who founded the 
famous “Bergen School” of meteorology [36, 37]. 
Bjerknes considered graphical methods to predict the 
motion of fronts and other features in the atmosphere, 
as well as numerical techniques to solve the equations 
themselves. However, it was L. F. Richardson who 
finally conceived and implemented a concrete plan to 
use a numerical solution of the partial differential 
equations describing the atmosphere (see section on 
“primitive equations”) to make forecasts. His approach 
was remarkably prescient both in concept and in detail. 
He employed a finite-difference technique on a regu¬ 
larly spaced grid of points over central Europe and 
attempted to predict the tendency of surface pressure 
over 6 h. Richardsons forecast was a famous failure or 
“bust” (see the book by Lynch [2] for a detailed and 
readable account of Richardson s attempt, as well as for 
a comprehensive account of the development of NWP). 
However, the reasons for Richardsons failure lay in the 
initial conditions used in the forecast not in his method 
as Richardson himself suspected [2]. 

The potential for numerical prediction was clear. 
The major obstacle beside the question of initialization, 
was the sheer amount of calculation required to pro¬ 
duce even a short forecast over a limited area. Richard¬ 
son imagined computational “factories” employing 
thousands of people to produce weather forecasts [ 2 ]. 
The appearance of electronic computers soon after 
World War II made numerical prediction plausible. 
The potential application to the problem of weather 
prediction was recognized by one of the main intellects 
behind the development of electronic computers John 
von Neumann (1903-1957) [1]. In the first successful 
attempts at NWP using electronic computers so-called 
filtered equation sets were used [2]. Filtered equations 
describe a limited set of atmospheric motions, but allow 
large time steps to be taken in numerical integration and 
side step the need for well-balanced initial conditions 
(see sections on “Numerics and Initialization”). 

Development of Modem NWP Models 

It was recognized early on by Jule Charney and others 
that models using filtered equations were not a 


promising long-term path for NWP [2]. As computer 
power increased, the limitations on the time-step 
length allowed by more complete equations became 
less important. The problem of initialization was not 
solved, but its tractability became apparent [38] . Devel¬ 
opment work on NWP models using the primitive 
equations began in the late 1950s and eventually led 
to the adoption of primitive equation models at all 
major forecasting centers by the mid 1960s [2]. 

The Primitive Equations 

The primitive equations are essentially the complete 
Navier-Stokes or Euler equations for fluid motion 
with the hydrostatic approximation invoked. As long 
as the horizontal scales of interest are much larger than 
10 km, the hydrostatic approximation is well satisfied. 
However, at the time of writing, major NWP models 
are reaching horizontal resolutions that test the limits 
of this approximation. The Euler equations using 
a generalized vertical coordinate 77 , including connec¬ 
tions between the fully nonhydrostatic system and the 
hydrostatic system currently used in NWP models, are 
nicely described by Laprise [39] . 

The hydrostatic primitive equations include 
an equation describing the evolution of horizontal 
momentum or velocity V: 

d 

— y + /k x V =s —odVrjp — + Fp^ 

where / is the Coriolis parameter or local apparent 
rotation rate and k is the unit vector in vertical direc¬ 
tion. The symbol denotes a gradient along surfaces 
of fixed 77 . As is common in the meteorological litera¬ 
ture (p denotes the geopotential height or potential 
energy density of a fluid parcel along constant 77 . The 
remaining symbols a and p denote specific volume and 
pressure. This equation is simply the fluid dynamical 
form of Newtons law F = ma, where the right-hand 
side contains forces accelerating fluid parcels in the 
horizontal. In current meteorological literature, the 
individual velocity components are usually designated 
as u for the eastward or “zonal” component, and u for 
the northward or “merdional” component. 

Another equation restates the first law of thermo¬ 
dynamics dE = dQ + dW in fluid form: 

d d _ jj 

cp j t a jt p ~ phys 
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where T is the absolute temperature and C p is the heat 
capacity of air at constant pressure. In both the 
momentum and energy equations the symbol ^ is 
used to denote: 



V-\7 v + ri 


d 

dr] 


the Lagrangian derivative that tracks changes in 
a quantity following a fluid parcel. 

A prognostic equation for mass continuity is also 
required: 


~d_ 

dt 



+ V, 



+ - 


d_(.dp 
dr] y dr] 


= 0 


where g~ l ^ is the mass per unit area in a column 
between surfaces of constant 77 . 

Three diagnostic relationships are needed to com¬ 
plete the system. The equation of state for a gas: 


p(x = RT 


and a relationship that determines the geopotential 
height of 77 -surfaces: 



This relationship uses the surface geopotential 
height (p s as well as the integral of the hydrostatic 
relationship: 

dp 1 d(j) 

dp a dr] 

between pressure and specific volume. 

The right-hand sides of the momentum and energy 
equations also contain the terms F phys and H phys . These 
represent the effects of physical parameterizations on 
the grid scale variables, and include effects from radi¬ 
ative heating, friction, and other processes which will 
be described in more detail in the section on parame¬ 
terization. The use of the generalized vertical coordi¬ 
nate 77 gives the equations a somewhat unfamiliar look. 
However, replacing 77 with the geometric height z, 
and noting that Vyp = 0 reduces them to a more 
familiar form. 

Due to the complex shape of Earth’s topography 
most NWP models do not use geometric height as their 


vertical coordinate. Most use a version of the so-called 
(7-coordinate defined by: 

g= P-Pt 

Ps(x, y, t)-p t 

where p s (x, y, t) is the surface pressure and p t is the 
pressure at the model top, typically a constant value. 
The coordinate surface ( 7=1 follows the bottom of the 
model domain while o = 0 follows the top. Boundary 
conditions on “vertical” velocity become simply 
cr(l) = &( 0 ) = 0 . Thus, the difficulties of representing 
flow boundaries in and around topographic obstacles 
are replaced by the need for a prognostic equation 
describing n s . This is obtained by integrating the mass 
continuity equation in the vertical. 

The primitive equations can describe all of the 
motions discussed in the introduction except for fully 
three dimensional acoustic waves. They do allow 
a horizontal acoustic mode known as the Lamb wave 
[4] which can produce difficulties for numerical inte¬ 
grations. Gravity waves and convective instabilities 
with horizontal scales much smaller than 100 km are 
not well represented, and this may become a significant 
handicap for models in the next 10 years (see section on 
“Future Directions”). 

In addition to the equations describing the dynam¬ 
ics and thermodynamics of the atmosphere, modern 
NWP models include equations that describe the 
evolution of trace gases and trace species in the atmo¬ 
sphere. Each additional species results in an additional 
prognostic equation of the form: 

d_ _ r 

^ Qi ^i,phys 

where cp is the mixing ratio of the z'th species and C iyphys 
are the sources and losses of the species. The most 
important of these trace quantities is water vapor. 
Water vapor was included in primitive equation 
NWP models early on [40]. As NWP model domains 
were extended into the tropics during the 1970s [41] 
strong condensational heating associated with high 
tropical humidities presented problems for NWP that 
spurred the development of deep convection parame¬ 
terizations [42] (see section on “Parameterization”). 
More recently, NWP models have incorporated prog¬ 
nostic treatment of condensed water species known as 
prognostic cloud schemes [43, 44]. 
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Numerics 

Closed form solutions of the primitive equations do 
not exist. Approximate numerical techniques must be 
used. An illustration of how this proceeds is given here 
using a simple equation that describes one dimensional 
advection of a constituent C by a constant flow u: 

d t C + ud x C = S 

Figure 1 shows three time steps from a numerical 
integration of this equation. Finite-difference approxi¬ 
mations of the partial derivatives in both space and 
time are calculated as shown in the figure. The 
approach illustrated is known as a “centered difference” 
since the approximation uses a symmetric stencil of 
equally weighted points. With these approximations 
to the derivatives in time and space, a solution for the 
tracer distribution at t + 1 can be obtained: 


C(i,r + 1) « C(i, t - 1) 

'C(i + 1 , t) - C(i — 1 , t) 


— u2At 


2Ax 


As a technical detail, notice that to start (or initial¬ 
ize) this calculation two time levels of data must be 
given. In practice, these can be set equal to each other. 


Once initial values are given, the arithmetic equation 
above can be repeated, or iterated, many times to give 
the time evolution of C. 

The algorithm described above is a simple but sta¬ 
ble scheme that was employed in early numerical 
models. However, it has many undesirable properties, 
which are described in [45]. Nevertheless, the basic 
concepts illustrated by this method hold for all explicit 
finite-difference approaches. In implicit methods, the 
terms in the approximation of d x C above are replaced 
by their values at time t + 1. In the case above, this leads 
to a tridiagonal matrix problem that can be easily 
solved using standard techniques [45]. 

The most natural coordinate system for a global 
atmospheric model is spherical, with latitude and lon¬ 
gitude as the horizontal coordinates. Unfortunately, as 
either pole is approached, equally spaced longitude 
lines come arbitrarily close together. This presents 
problems for most finite-difference numerical schemes, 
which become inaccurate or unstable when informa¬ 
tion travels across multiple grid lengths in a single time 
step. For example, in the simple case described in Fig. 1 
the time step must be chosen such that ^ < 1 to avoid 
numerical instability. Versions of this limit, known as 
the Courant-Friedrichs-Levy (CFL) limit, exist for 



Weather Prediction Models. Figure 1 

Three time steps from numerical advection of a Gaussian tracer pulse using a second-order, space-centered, time-centered 
finite-difference scheme. The Vs indicate grid-point locations. A constant velocity of u = -0.5 is used with grid spacing 
Ax = 1 and time step At = 1 


w 























12068 


Weather Prediction Models 


W 


most explicit finite-difference schemes. In systems of 
equations that support propagating waves, as the prim¬ 
itive equations do, the relevant velocity in the CFL limit 
is typically the sum of the wave propagation speeds and 
the advective speed. Thus, the stability of explicit cal¬ 
culations is limited by the fastest wave modes in the 
system, which are often of little interest, for example, 
Lamb waves or deep gravity waves. Global models 
whose numerics are based on finite differences (“grid- 
point models”) address this issue by introducing polar 
filters which are designed to suppress small-scale 
motions in the polar regions of the model. 

A revolutionary innovation occurred in the late 
1960s with the introduction of spectral techniques for 
solving the primitive equations [46]. Spectral models 
decompose the atmosphere into a finite sequence of 
spherical harmonic functions, rather than onto a grid 
of points. For example, the wind u is approximated by: 

N n 

«(A,0,z,t) = £ £ U^z,t)Y-(A,9) 

n =0 m=—n 

where k is longitude and 0 is latitude. The time evolu¬ 
tion of the atmospheric flow is then represented as the 
time evolution of the amplitudes 17™ (z, t). Nonlinear 
advection terms arising in the primitive equations may 
be dealt with directly in spectral space, as interactions 
of spherical harmonics or in physical space with trans¬ 
formation of the tendencies back to spectral space [45] . 

The resolution of spectral models is determined by 
the truncation parameter N. The form of the finite sum 
used above is referred to as a triangular truncation. 
A model with N = 799 in this kind of decomposition 
is referred as a “T799” model. Lynch [2] gives a useful 
rule-of-thumb for estimating the spatial resolution A 
corresponding a particular value of N. He uses 
A « ( 27ia e )/2 N or A ^ (20,000 km)IN where the 
circumference of the Earth 2na e has been approximated 
by 40,000 km. 

Spectral techniques are not only highly accurate, 
but also nicely sidestep the pole problem faced by 
grid-point models formulated in terms of latitude and 
longitude on the sphere. Discretization into spherical 
harmonics produces no special difficulties at the poles. 

A disadvantage of spectral schemes is that fields with 
strong variation across small-spatial scales, such as most 
trace gas concentrations (including water vapor), 


precipitation, or topography cannot be represented 
without introducing significant spurious nonlocal oscil¬ 
lations in these fields. This behavior, known as the Gibbs 
phenomenon is a simple consequence of attempting to 
represent highly localized features with global basis 
functions. The nature of these truncation errors is 
such that the amplitude of spurious oscillations 
decreases slowly with resolution. The presence of 
Gibbs oscillations can lead to serious problems in 
global simulations, such as the formation of negative 
trace gas concentrations. 

Due to the difficulties in spectrally representing 
fields with intense spatial variability, grid-point models 
have not been abandoned. In addition, grid-point 
models can be made more efficient than spectral 
models at very high resolution. So, while most opera¬ 
tional forecasting centers currently use some form 
of spectral dynamical core in their NWP models, this 
may change in the next decade. Current research is 
focused on developing grid-point or finite element 
approaches on nonstandard grids such as the icosahe- 
dral, that is, “bucky-ball” or “soccer-ball,” grid to 
bypass the pole problem encountered in latitude- 
longitude discretizations (see section on “Future Direc¬ 
tions”) (Table 2). 

Parameterizations 

Representation of physical processes such as radiation, 
turbulence, gravity wave drag, convection, and precip¬ 
itation also became more sophisticated in NWP models 
as they evolved. The earliest successes in NWP using 
a filtered barotropic model did not even formally incor¬ 
porate temperature as a prognostic variable. Today, 
NWP models may track several condensed water spe¬ 
cies, as well radiatively active trace gases such as ozone. 
It was the incorporation of radiative transfer schemes 
and simple moist convective adjustment schemes into 
NWP models in the 1960s [35] that led to the first 
climate models capable of self-consistently 
representing the basic feature of Earth’s atmospheric 
general circulation. 

Parameterization development for NWP models 
has followed that for climate models. The suite of 
parameterizations currently used in global NWP 
models is identical to that used for climate simulations. 
It is arguable whether most physics parameterizations 
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Weather Prediction Models. Table 2 Parameterizations 
in Weather Forecasting models. The first column gives the 
usual designation used in the meteorological community. 
The second column summarizes the effects of the param¬ 
eterization. The third column indicates the primitive 


equation forcing term in which tendencies from the 
parameterization appear 


Parameterization 

Effects 

Included 

in 

Deep convection 

Transports heat, 
moisture and 
momentum vertically. 
Damps convergence 

Hphys' 

^physi 

C i,phys 

Orographic gravity 
wave drag 

Decelerates flow over 
mountains 

^phys 

Planetary 
boundary layer 
(PBL) turbulence 

Transports heat, 
moisture and 
momentum vertically 

Hphysr 

1 "physi 
(~i,phys 

Radiation (Solar 
and IR) 

Calculates heating due 
radiative flux 
convergence 

Hphys 

Diagnostic cloud 

Estimates cloud cover 
and thickness 


Prognostic cloud 

Calculates cloud 
condensate 
concentrations and 
estimates cloud optical 
properties 

Hphysr G, 

phys 


exert an appreciable effect on short-term (1-3 day) 
forecasts. Deep convection and orographic wave drag 
parameterizations have been shown to exert a signifi¬ 
cant short-term effect [47-49]. At medium range 
(3 days to 2 weeks), physical parameterizations are 
thought to have an important effect on forecast skill 
(Bengtsson 2000). In addition climate biases resulting 
from deficient parameterizations can have a negative 
impact on data assimilation schemes (see section on 
“Data Assimilation Systems”). This can indirectly affect 
short-term forecasts by introducing errors in the initial 
conditions. 

How Are NWP Models (Versus Climate Models) 
Evaluated? 

Perhaps the most significant differences between global 
climate models and NWP models arise from the 


different jobs they are expected to perform. Ideally, 
a solver for the primitive equations, coupled to set of 
physically realistic parameterizations of processes like 
convection, should perform both long-term and short¬ 
term simulations of the atmospheric flow with equal 
accuracy. However, this is not the case. Even when run 
at comparable resolutions, models developed for NWP 
and climate do not perform each other’s tasks with 
comparable skill. The likely cause of this discordance 
is the process of model tuning. The need for “tuning” is 
widely recognized in both the NWP community and 
the climate modeling community as an inevitable con¬ 
sequence of using imperfect models [41]. The bulk of 
model tuning occurs in choosing empirical factors that 
regulate physical parameterizations. Some of this can 
be explained (or excused) as an attempt to represent 
unknown sub-grid distributions of quantities such as 
water vapor, temperature, or topographic roughness. 
Unfortunately, the process of selecting these empirical 
factors can be ad hoc, and parochial in character. Even 
if optimal tunings exist that combine high accuracy in 
short-term forecasting as well as unbiased climate sim¬ 
ulations, they are unlikely to be found. Groups involved 
in developing climate models rarely have the compu¬ 
tational resources to perform extensive testing of their 
models at high resolution in forecast mode, while NWP 
groups are typically under intense operational pres¬ 
sures, and have little time or incentive to examine 
their models in free-running climate simulations. 

There is as yet no set of universally accepted 
metrics for climate models, although developments in 
this direction are taking place [50]. Metrics typically 
targeted by climate modelers include seasonal mean 
distributions of precipitation and seasonal mean plan¬ 
etary wave patterns. Other, functional, constraints exist 
for atmospheric models used in climate research. For 
example, when used in coupled climate simulations, 
that is, connected through boundary fluxes to ocean 
and land surface models, obtaining correct global bud¬ 
gets of energy and momentum in an atmospheric 
model is critical. Thus, intensive tuning of cloud 
parameterizations is usually conducted to ensure that 
seasonal and annual-mean radiation budgets at the top 
of the atmosphere are realistic, to minimize spurious 
long-term drift in extended simulations. Generally 
speaking, exact conservation of energy and momentum 
is a key concern in the design of atmospheric models 
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for climate, while being of secondary importance in the 
design of NWP models. 

On the other hand, operational NWP models are 
regularly subjected to a number of rigorous, and more- 
or-less universally accepted tests at each step in their 
development. Not surprisingly, these tests emphasize 
short-term simulation accuracy rather seasonal or 
annual-mean performance. 


500 hPa Height Anomaly Correlation 

At many centers including the European Center for 
Medium Range Weather Forecasting (ECMWF), the 
most important measure of global forecast model per¬ 
formance or skill is the 500 hPa height anomaly corre¬ 
lation. This measure is essentially the pattern 
correlation of two maps of geopotential height anom¬ 
alies cp' interpolated to a pressure level of 500 hPa 
(corresponding to altitude close to 5 km). A height 
anomaly is defined the deviation in height from 
its average value along a latitude circle. One map is 
an analysis of height anomaly at 500 hPa 
ana( x i p 5 oo 5 C) (see section on “Initialization 
and Data Assimilation”) and the second is a map of 
forecast height anomaly valid at the same time 
y, £ 500 , t a ) where t a = t { + A t f . Here At f is the 
forecast lead time and t { is the initiation time. These 
two height fields are then used to form a correlation. 


7*500 (At/) 




\jana ’ & ana ) 


where <> represents the spatial covariance over some 
region, typically the southern hemisphere or the north¬ 
ern hemisphere. 

Figure 2 shows the average evolution of r 500 in two 
major global forecast models for the period January 1 
through March 31, 2009. The plots illustrate the state- 
of-the-art in NWP as of this writing. As expected the 
pattern correlations decrease with time, but remain 
quite high, above 0.8, out to a forecast lead of 5 days. 
Northern hemisphere correlations are higher in both 
systems, probably reflecting the higher density of in situ 
measurements available there. Many operational fore¬ 
casting centers do not allow changes to their systems 
that degrade this measure of performance. 
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Weather Prediction Models. Figure 2 

Mean evolution of 500 hPa anomaly height correlation in two 
major global NWP models for the January through March 


Although using r 50 o as the single measure of forecast 
accuracy may seem somewhat restrictive, it should 
noted that that the geopotential height (p at 500 hPa is 
an integrated measure of the temperature in a deep 
layer, form the surface to around 5,000 m. So, r 500 is 
a concise summary of model performance in 
a horizontally extensive and deep atmospheric slab. 


Skill Scores 


The SI skill score [51, 52] has been used since the 1950s 
by forecasters at the National Meteorological Center 
(NMC), and after 1995 the National Center for Envi¬ 
ronmental Prediction (NCEP), to evaluate forecast per¬ 
formance. An SI score can be defined for any quantity. 
It is calculated: 


Sl{x) = 100 x 


LMXf-XoildA 

/ A max(|Vx/|, |Vz 0 | )dA 


where Xf is forecast x and Xo is the observed value for 
verification. SI then is the ratio of the integrated abso¬ 
lute gradient in forecast error, normalized by the inte¬ 
grated absolute gradient of the quantity itself, where at 
each location the larger of the forecast or observed 
values is used. A value of SI = 0 represents a perfect 
forecast. The quantity y used to calculate SI is typically 
sea-level pressure or geopotential height. 
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The 51 skill score was selected by NMC from many 
measures of forecast quality with guidance from prac¬ 
ticing forecasters. Forecasters in 1950s noted that 
values of 51 around 20 corresponded to very good 
forecasts, while values of 70 or more represented nearly 
worthless forecasts. As a result, it became common 
practice to express “skill” as 2(70 — 51), so that now 
a very good forecast 51 = 20 has a skill score of 100, 
while useless forecasts have a skill score of 0 [52]. 

Equitable Threat Scores 

Evaluation of precipitation forecasts is difficult for 
a number of reasons. Precipitation is a field with high 
variance and sharp boundaries. In many circumstances, 
the important forecast parameter is whether rain or 
precipitation (above a certain threshold) has occurred. 
Such categorical forecasts are evaluated using various 
methods based on matrices of possible outcomes, for 
example, YY - rain is forecast and occurs, YN - rain is 
forecast but does not occur, NY - rain is not forecast 
but occurs, and NN - rain is not forecast and does not 
occur. The most commonly used method is that of 
Equitable Threat Scores (ETS) [53] which attempts to 
account for the long-term statistical probability of each 
category. 

Initialization and Data Assimilation 

A moment’s reflection shows that establishing initial 
conditions for a global model of the atmosphere is 
a nontrivial task. First of all, there may be instrumental 
errors in the measurements of wind, temperature, 
humidity, or other quantities needed to specify the 
initial state of the atmosphere. While perhaps the 
most obvious problem, instrumental error may also 
be the least important problem faced in initialization. 
A more serious problem is hinted at in Fig. 3 which 
shows the current global distribution of radiosonde 
balloon launch sights. Radiosondes provide very accu¬ 
rate and reliable measurements of winds, temperatures, 
and humidities from the surface to around 10 km alti¬ 
tude. Launches are made by international agreement at 
either 0Z or 12Z (“Z” refers to Greenwich mean time) 
or at both times, depending on the station. However, as 
the figure shows, radiosonde launch sites are distrib¬ 
uted in a completely unstructured way across the globe. 


High concentrations occur in the developed world, 
with sparse or no coverage over oceans and over less- 
developed land areas. Even in the developed world 
the location of sites is determined by human factors - 
and is more-or-less spatially random. Numerical 
models of the atmosphere, both spectral and grid 
point, require a spatially structured set of numbers 
to begin their integrations. Satellite data presents sim¬ 
ilar challenges. While it is structured - along orbital 
tracks - the structure does not conform to the needs of 
NWP models. In addition, satellite data is asynchro¬ 
nous, that is, sampling occurs continuously as the 
satellite travels, not at a specified time as with radio¬ 
sonde data. 

Thus a major challenge faced in NWP is to derive a 
complete model state on a structured set of points at a 
single instant in time, from data that may be neither 
spatially structured nor representative of a single point 
in time. Naive interpolation in space and/or time is 
inadequate. The model state derived from the data 
must not only cover the globe, it must do so while 
also satisfying a number of other dynamical and phys¬ 
ical constraints. 

Fluid flows, and vector fields in general, can be 
decomposed into a sum of divergent (V • u x ^ 0) and 
nondivergent (V • u 2 = 0) components. Generally 
speaking, the atmospheric motions of most sig¬ 
nificance in 1-5 day forecasts are characterized by 
“small” horizontal convergence and divergence in a 
relative sense. In these flows, two or three of the terms 
in the momentum equation form a dominant steady- 
state balance that describes the flow to first-order. 
These balanced flows are almost nondivergent. How¬ 
ever, their time evolution can be profoundly affected by 
the small divergent component. The earliest and most 
basic balance identified by meteorologists is the so- 
called geostrophic balance, described below. The sub¬ 
tleties of the divergent wind field in geostrophically 
balanced flow are what doomed L. F. Richardson’s 
pioneering NWP experiment. 

Geostrophically Balanced Flow 

The origin of geostrophic balance is most easily seen 
by performing a scale analysis of the momentum equa¬ 
tion in the primitive equation system. Scale analysis 
is a common procedure in fluid mechanics to 
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03May2010,12ZRadiosonde temperatures: 27614 observations 
all lat; all Ion; all lev; kt = 44; kx = 120; all qcx; all qch 
d520_fp.ana.obs.20100503_12z.ods 

Observation locations 



03May2010, 12Z NOAA-15 AMSUA brightness temperature: 178110 observations 
all lat: all Ion; all lev; kt = 40; kx = 315; all qcx; all qch 
d520_fp.ana.obs.20100503_12z.ods 

Observation locations 



Weather Prediction Models. Figure 3 

Locations of radiosonde observations (top) and satellite temperature observations ( bottom ) for May 12,2008 from NASA's 
GEOS-5 DAS 


systematically identify the most important terms in the 
complicated equations describing fluid flow [4]. It 
begins by identifying scales of motion for the phenom¬ 
enon of interest. For midlatitude weather systems, 
especially after considering the spacing and resolution 
of radiosonde and satellite data, a reasonable choice of 
spatial scale L is around 1,000 km. Other reasonable 
choices of scales are for horizontal wind U~ 10 ms -1 , 
and for pressure disturbance P ~ 10 hPa or 1,000 Pa. 
These scales along with local apparent rotation rate / 
with values ~ 10 -4 s -1 in midlatitudes are used to 


estimate the sizes of the terms in the equation. For 
example, ^ V will be ~ U 2 IL where the horizontal 
advective time scale has been used as the relevant time 
scale. It is easy to see that the ratio of this term to the 
Coriolis term fk x V will scale as U/fL, which is a key 
nondimensional parameter in dynamic meteorology 
known as the Rossby number or Ro. For the scales of 
motion typical for midlatitude systems, Ro is close to 
0.1. So the advective term is likely to small compared 
to the Coriolis term and also, it turns out, compared to 
the pressure gradient. 
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Thus, the “leading order” balance in midlatitude 
systems is left as: 

/k x V = — ocV z p 

where we have used height as the vertical coordinate. 
Equivalent expressions exist for other vertical coordi¬ 
nates. In component form this balance is written as: 

—jv = —a d x p; fu = —ocd y p 

This balance is the dominant feature of midlatitude 
flow. It is also responsible for one of the most counter¬ 
intuitive aspects of weather maps in midlatitudes - that 
the wind blows along pressure contours rather 
than from high pressure to low pressure. It is also the 
reason air flows in a counterclockwise sense around 
low-pressure centers in the northern hemisphere. A 
perplexing aspect of this balance is that it is a steady- 
state relation. In other words, the largest forces in the 
system give no information about its time evolution. 

It is easy to see that this leading-order geostrophic 
flow is horizontally nondivergent. However, spurious 
divergent flow features can easily appear when 
constructing initial conditions from observations of 
horizontal. An idea of the difficulty of this challenge 
can be obtained by considering the following argu¬ 
ment. The relative vorticity of the horizontal wind is 
determined from: 

C = d x v — d y u 

and, further scale analysis of the equations of motion in 
midlatitudes (see [45]) shows that the ratio V • V to £ 
will typically be close to Ro or ~ 0.1. The individual 
horizontal derivative terms in the expressions for vor¬ 
ticity and divergence are of the same order. The small 
relative magnitude of V • V is only possible through 
near cancelation of its much larger component terms. It 
is not trivial to maintain this cancelation during the 
data assimilation process. Errors in the divergence can 
have large effects on surface pressure tendencies since 

dtps ~ • V. 

More complete and correct balance relationships 
than geostrophic balance can be derived [54] . Balanced 
initial conditions have been sought in a number of ways 
during the history of NWP. The most successful of 
these was perhaps nonlinear normal mode initializa¬ 
tion introduced in the 1970s [55-57]. In this technique, 


fast and slow normal modes of the nonlinear equations 
of motion are found through an iterative procedure. 

Data Assimilation Systems 

Modern operational centers handle the problem of 
initializing their forecasts by using a data assimilation 
system (DAS). A central feature of a DAS is the forecast 
model itself (or a linearized version thereof). Analyses 
at operational forecasting centers are typically 
performed four times daily at 00Z, 06Z, 12Z, and 
18Z. The analysis procedure combines measurements 
with a short model forecast, typically 6 h initialized 
with the previous analysis. This forecast is often 
referred to as the “first guess” or “background.” The 
job of the analysis algorithm, denoted by the yellow 
diamond in Fig. 4, is to blend the myriad sources of 
data, which includes radiosonde observations satellite 
measurements, pilot reports, surface station reports, 
ship buoy measurements, and more, with the forecast 
to produce an optimal estimate of the state of the 
atmosphere on the model grid. The process illustrated 
in Fig. 4 depicts a “3D-Var” system. In 3D-Var, data 
gathered within an analysis time window, typically 3 h 
before and after the standard analysis times, is assumed 
to be synchronous. The analysis then consists of an 
optimal blending of measurements and forecast back¬ 
ground in space. 

This optimal blending can be expressed as a “cost 
function minimization.” The cost function is written in 
matrix form [2, 54, 58]: 

/(x) = (x - x b ) T B _1 (x - x b ) 

+ [y-H(x)] r R- 1 [y-H(x)]+/ b (x) 

where x is a model “state vector,” that is V, T, q and 
possibly other analyzed species on the model’s numer¬ 
ical grid (or spectral decomposition). The quantity x b is 
the model state from a forecast, that is, the first guess or 
background, and the matrix B is the background, or 
forecast, error covariance matrix. This matrix is a key 
piece of the analysis algorithm, and is estimated by 
examining differences between forecasts radiosonde 
observations [59] or more recently by calculating the 
covariance of different short forecasts, for example, 
24 h and 48 h, valid at the same time [60, 61]. 

The second term in the cost function contains the 
observation error covariance matrix R, the observation 
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vector y and a vector H(x) which is the result of the 
“observation operator” H acting on the model state x. 
In the case of an observation taken by a thermometer 
placed at a model grid-point, the observation operator 
would simply select the appropriate element of x. How¬ 
ever, in the case of remote satellite observations, which 
directly measure radiances (photons) from the atmo¬ 
sphere, H could represent a complex radiative transfer 
calculation using for example T and q from the model 
state to estimate the radiance measured by a particular 
instrument. The approach of transforming model 
quantities into a form that is directly comparable with 
observations, sometimes referred to as “radiance 
assimilation,” led to dramatic increases in the positive 
impact of satellite measurements on forecasting [62]. 

The third term in the cost function represents bal¬ 
ance constraints on the flow, such as those discussed in 
the section on “Geostrophically Balanced Flows”. Inclu¬ 
sion of such a term at NCEP has eliminated the need for 
a separate initialization procedure for forecasts [60]. 

The task of the analysis algorithm is to find the 
model state x fl that minimizes the cost function /(x). 


For more details on how this solution is actually 
accomplished the reader is referred to discussion in 
Chap. 5 of Kalnay (2003) [54]. 3D-var as described 
here is used by NCEP as well as in slightly modified 
version by NASA’s Global Modeling and Assimilation 
Office (GMAO) in their GEOS-5 DAS [63]. A some¬ 
what different approach known as 4D-Var is used at 
ECMWF. This approach takes into account the possibly 
asynchronous nature of data when formulating the 
cost function. For more details, see the discussion in 
Kalnay (2003). 

Ensemble Forecasting 

The early thinking of researchers in NWP was that the 
central problem of forecast initialization was to correctly 
filter out rapid divergent motions, and, that once this was 
accomplished no fundamental limits on atmospheric 
predictability existed. A series of seminal papers by 
Edward N. Lorenz proved this to be incorrect [64-66]. 
Lorenz showed that simple analogs to atmospheric 
equations of motion possess a sensitive dependence to 
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initial conditions. In other words, small differences in 
even well-balanced initial conditions will cause forecasts 
to become uncorrelated after a finite time. 

Modern operational forecasting centers typically 
perform ensembles of many runs with slightly different 
initial conditions, as well as a single higher-resolution 
“deterministic” run to produce forecasts for a given 
time [54, 67]. The generation of ensemble members is 
a nontrivial task. Ideally, the members of the ensemble 
should vary in special directions in phase space that are 
related to the most rapidly growing instabilities in the 
flow [54, 68]. 

Future Directions 

Weather forecasts have improved demonstrably during 
the 50 year history of NWP. This is illustrated in Fig. 5, 
which shows the evolution of r 500 at 3, 5, and 7 days 
over the last 30 years in the ECMWF system [69]. Part 
of the improvement is traceable to the explosion in the 
amount of satellite data over the last 30 years. However, 
a large part of the improvement in skill is due to 
improvements in the forecast and analysis “system,” 
such as increased forecast model resolution, improved 
analysis algorithms etc. This is nicely demonstrated in 
the bottom panel of Fig. 5, which shows the evolution 
of skill in retrospective forecasts, using the current 
ECMWF system on the historical data base. The skill 
of retrospective forecasts is significantly higher, indi¬ 
cating that the improved forecast and analysis system 
makes a significant, perhaps the dominant, contribu¬ 
tion to the overall increase in skill seen in the last 
30 years. One aspect of improvement that is clearly 
due to improved data sources (satellites) is the conver¬ 
gence of skill in southern and northern hemispheres. 

Scalable Dynamical Cores 

As computing power increases NWP model resolution 
also continues to increase. In the last several years, the 
increase in computer power has appeared primarily in 
the form of massively parallel machines with larger 
and larger numbers of processors, rather than in the 
form of faster individual processors. This means that 
“time-to-solution” has not decreased dramatically in 
recent years, but the size of feasible calculations has 
increased dramatically. This has stimulated the devel¬ 
opment of scalable models. Scalability means that 


model speed increases more-or-less linearly with the 
number of processors used. A trivial example of per¬ 
fectly scalable problem is the addition of 1,000 pairs of 
numbers a + b = c. If one processor is available then the 
calculation will take 1,000 CPU time units. If 
1,000 processors are available the entire calculation 
can take place in 1 CPU time unit. However, commu¬ 
nication between processors also costs time. In any real 
numerical model of the atmosphere processors eventu¬ 
ally need information residing in other processors. This 
prevents numerical models of the atmosphere from 
scaling perfectly. 

The amount of cross-processor communication 
required can vary widely depending on model design. 
Ideally decomposition will maximize the ratio of area 
to perimeter in computational subdomains to mini¬ 
mize the need for cross-processor communication. The 
scalability of grid-point models on latitude-longitude 
grids is severely hampered by the need to apply polar 
filters to overcome numerical instabilities that arise due 
to the convergence of longitude lines at both poles. 
These filters typically require knowledge of atmo¬ 
spheric fields all the way around latitude circles. Thus, 
modelers must either decompose the globe into thin 
computational domains circling the globe, which will 
lead to large communication requirements in the 
north-south direction, or they must pay the cost of 
frequent “gathers” to obtain the necessary inputs for 
polar filters. Transforms in spectral models likewise 
require knowledge of fields around latitude circles. 

Recent efforts in numerical techniques for global 
atmospheric models have focused on the development 
of grid-point or finite element models on nonstandard 
grids [70-73] . Several examples of such grids are shown 
in Fig. 6. These grids have fairly uniform grid cell sizes 
over the entire globe. Polar filters are therefore not 
required. 

Nonhydrostatic Dynamics 

Once horizontal resolution becomes much finer than 
10 km, nonhydrostatic effects must be taken into 
account. This will require models based on a different 
set of equations. One option is to simply use the full 
Euler or Navier Stokes equations [39, 74] and pay the 
costs associated with the short time-steps required by 
the presence of acoustic waves. Another approach is to 
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Anomaly correlation of 500hPa height forecasts 
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Weather Prediction Models. Figure 5 

Evolution of forecast skill at ECMWF, adapted and extended from the study of Simmons and Hollingsworth (2002). The top 
panel shows a history of r 500 at 3, 5, and 7 days from the ECMWF operational forecast beginning in 1980. The colored and 
shaded areas are bounded by southern hemisphere skill below and northern hemisphere skill above. The lower panel 
shows retrospective forecasts produced using two versions of current ECMWF analysis and forecast systems. In these 
cases, the "system" is fixed in time, while data inputs evolve in actual historical fashion 


use an inelastic equations system [75], but this requires 
solution of an elliptic equation which is an intrinsically 
nonlocal procedure and again raises cross-processor 
communication costs. 

Seamless Models for Climate and Weather 

Modern global NWP and climate models are essentially 
the same. Both use the same set of dynamical equations 


(see section on “Primitive Equations”). Both also use 
the same set of physical parameterization schemes (see 
section on “Parameterization”). In practice, differences 
do exist between global models of the atmosphere 
intended for climate simulation and those intended 
for forecasting. Operational global NWP models have 
typically used resolutions that are a factor of 8-16 times 
higher than those used in long climate simulations. 
Other differences arise, more-or-less unintentionally, 
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Weather Prediction Models. Figure 6 

The standard latitude-longitude "lat-lon" grid [leftmost globe) compared with newer, non-traditional grids for global 
atmospheric models 


in the tuning process as a consequence of the different 
metrics used in the evaluation of NWP and climate 
models (see section on How are NWP models (versus 
climate models) evaluated?). 

Climate researchers understand that atmospheric 
phenomena such as squall lines and tropical cyclones 
may play a role in establishing climate on both regional 
and global scales. Such “mesoscale” features are not 
resolved in climate models with resolutions of 100 km 
or coarser. However, the continued increase in com¬ 
puter power, and the recent emphasis on massively 
parallel architecture, will allow decadal or even century- 
long simulations at resolutions close to 10 km in the 
near future. At these resolutions, mesoscale circulations 
should be well represented. These resolutions will also 
present novel challenges to the sub-grid parameteriza- 
tions used in climate models, as assumptions about 
scale-separation and statistical equilibrium become 
questionable. 
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Glossary 

Adaptive protection A protection philosophy which 
permits and seeks to make adjustments automati¬ 
cally in various protection functions in order to 
make them more attuned to prevailing system 
conditions. 

Fault A short circuit in the power system. 

GPS Global Positioning System. 

Hidden failure A defect or error in relay that does not 
manifest itself immediately but which can cause 
a miss-operation when the system is stressed. 
NERC North American Electric Reliability 
Corporation. 

Phasor A complex number describing a sinusoidal 
signal. 

PMU Phasor Measurement Unit. 

RTU Remote Terminal Unit. 

SCADA Supervisory Control and Data Acquisition. 
Synchrophasor A phasor measurement with a precise 
time tag. 

WAMS Wide Area Measurement System. 

Definition of the Subject 

The Electric Power Infrastructure 

A power system consists of generators which convert 
energy from some primary form - such as coal, wind, 
gas, sunlight, or water flow - into electric power. Most 
generators in modern power systems produce alternat¬ 
ing currents and voltages (AC) which are then trans¬ 
mitted over appropriate distances to supply loads. It is 
economical to transmit power at higher voltages in 
order to limit losses in the transmission lines. Voltages 
of desired values are obtained with the help of trans¬ 
formers which let through most of the power (small 
amount of losses are incurred in the transformers), 
only changing voltages and currents from one side of 
the transformer to the other. The “power” handled by 
the transformers is the product of currents and volt¬ 
ages, so that higher voltages have accompanying 
smaller currents. In general, the longer the distance 
for transmission, the greater is the economical voltage 
at which to transmit the power. Most power transmis¬ 
sion is through overground transmission lines, while in 
special circumstances (such as crossing a large body of 
water or in congested urban areas) underground cables 
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are used. There is a range of voltages in use for trans¬ 
mission: 800 (kilovolts - thousands of volts), 500, 
400 kV, etc. The household voltages in most countries 
are 120 V or 240 V which are obtained through stages of 
transformations as power is passed through transmis¬ 
sion, sub-transmission, and distribution systems. For 
technical reasons, sometimes it is advantageous to con¬ 
vert AC power to DC (direct current) power by high- 
power electronic converters, transmit it as DC power, 
and convert it back to AC at the receiving end. The 
power-handling capacity of total system generation is 
expected to be some 10-20% greater than the expected 
load in order to provide a margin of security. Similarly, 
the transmission system is planned with sufficient 
number of alternative paths connecting loads to gener¬ 
ators so that should some lines get disconnected due to 
faults, the loads continue to be served. In North Amer¬ 
ica and many countries, the frequency of the AC system 
is nominally set at 60 Hz, while in some other coun¬ 
tries, it is 50 Hz. The actual frequency of the system 
stays close to the nominal values, and in well-regulated 
power systems, the variations from nominal frequency 
are less than 0.1 Hz. The North American power system 
has approximately 900 gigawatts (900,000,000,000 W) 
of power generation capacity - consisting of about 70% 
thermal power generators, 14% hydroelectric genera¬ 
tors, 13% nuclear, and small amounts of wind, solar, 
and other renewable power sources. The continent is 
crisscrossed by about 200,000 circuit miles of high- 
voltage transmission lines, further supplemented by 
lower-voltage distribution circuits serving customers 
at lower voltages at the load centers. The generation 
capacity in North America is sufficient to meet load 
demands with adequate margins overall, although in 
spot locations, the available margins or transmission 
capacity may not be sufficient. 

Operating the Power Grid Reliably 

In order to provide electric power reliably to con¬ 
sumers, it becomes necessary to manage the genera¬ 
tion, transmission, and consumption of electric power 
in an efficient manner. Since the load demand is con¬ 
trolled by the consumers and may change randomly 
depending upon consumers’ wishes, and since the gen¬ 
eration must match this demand (and losses) instant by 
instant, an elaborate system of controls is put in place at 


generators and at Energy Management Centers on the 
power grid. Such controls must take into account the 
possibility of faults in the system due to natural disas¬ 
ters (floods, hurricanes, and fires), equipment failure, 
or man-made disasters. These events are contingency 
events, and the power grid must continue to meet the 
demands of consumers with minimum interruptions 
when faced with such contingencies. In addition, the 
power system must maintain its operating frequency 
within a narrow band around the nominal value (60 Hz 
in North America), and the operating voltage at the 
consumers’ locations within a narrow band around its 
nominal value. To be prepared to deal with a reasonable 
set of contingencies adequately, it is necessary that the 
system operators are made aware of the condition of 
the power infrastructure accurately at all times. This is 
achieved through a system of measurements made on 
the power grid at frequent intervals, from which the 
network flows and voltages are estimated. The technical 
term for this process is “state estimation” of the power 
system. The ability of the power system to meet its 
loads in the presence of contingencies is much 
enhanced if the state of the system is known precisely 
and with sufficient frequency so that as the transmis¬ 
sion system, loads, and generation change during the 
day, the changes are tracked accurately by the measure¬ 
ment process. A measurement technique made possible 
by the advent of digital computer-based measurements 
and the Global Positioning System (GPS) is the highly 
precise and effective “synchrophasors” technology. 

Sine Waves, Phasors, and Synchrophasors 

Alternating currents and voltages vary as sinusoids 
with a period determined by the frequency of the sys¬ 
tem. Thus, in North America where the frequency is 
60 Hz, a nominal voltage or current will vary with time 
as shown in Fig. 1. Note that the sinusoid is shown to be 
a pure sine wave, whereas in practice, the waveform 
could have some noise in it. A phasor is a mathematical 
way of representing this sinusoid. It is a complex num¬ 
ber with its magnitude equal to the RMS (root mean 
square) value of the sinusoid, and its phase angle is the 
angle measured with respect to the start of the time axis 
and the peak of the sinusoid. One period is equivalent 
to 2n radians or 360°. Angles measured to the left of 
t = 0 are positive angles, and angles measured to the 
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right are negative angles. Thus, the phasor representing 
the sinusoid in Fig. 1 is given by: 

Phasor = Xe> 0 = Xcos 9 + j Xsin 9 

where X is the RMS value of the sinusoid. Phasors are 
generally calculated from samples taken from a sinu¬ 
soid over a time span known as data window, which is 
usually of the order of one period of the sinusoid. 

The GPS satellite system transmits (among other 
data) a 1-pulse-per-second (1 pps) which can be 
received by GPS receivers. A characteristic of the GPS 
system is that a 1 pps received by any receiver placed 
anywhere on earth is within 1 ps of the pulse received 
by another GPS receiver. Consider a power system 
shown in Fig. 2 in which different power facilities 


(substations) are separated by large distances. The 
sinusoids of voltages and currents in the two substa¬ 
tions would in general be different from each other in 
magnitudes and phase angles of the sinusoids. A sinu¬ 
soid at the substation shown in red in Fig. 2 is measured 
from the instant shown as t = 0, which is identified with 
the 1 pps received from the satellite, while the measure¬ 
ment at the substation shown in green has the t = 0 time 
marker at the same instant, and measures the phasor at 
that location. The two synchrophasors can now be 
placed on the same phasor diagram and show correctly 
the relative magnitudes and phase angles of the two 
signals as they exist at that instant. Synchrophasors can 
be measured at all network buses and assembled at the 
system control center to form a coherent picture of the 


Maximum value 
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A sinusoidal voltage or current and its phasor representation 


GPS satellite 
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Voltages and currents in substation at different locations 
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state of the power system. Such a picture can be 
refreshed as frequently as once per cycle of the power 
system frequency and is thus able to track the behavior 
of the power system as it goes through normal or 
abnormal changes brought about by daily load varia¬ 
tions or major disturbance. This ability to monitor the 
power system continuously with precise simultaneous 
measurements is made possible by the technology of 
the synchrophasors. 


Importance of Positive Sequence Measurements 

The entire AC power system is made up of three-phase 
sources and loads. (Three-phase system makes the 
most economical use of the capability of large genera¬ 
tors and motors.) The three phases are considered to be 
balanced in most normal operating conditions. When 
faults or unusual disturbances occur, the system may 
become severely unbalanced, but such unbalances last 
only for a short time, and the system soon returns to 
a balanced state. It is well to provide a more precise 
definition of balanced operation. 

When the voltages and currents in a three-phase AC 
system are of equal magnitude and differ in phase from 
each other by equal amounts (360°/3 = 120°), the 
system is said to be balanced. This is illustrated in 
Fig. 3, where the three signals (voltages or currents) of 
the three phases are illustrated by red, green, and blue 
colors. The three phases are usually labeled. 

“a,” “b,” and “c” in most power systems, although in 
some countries, they are referred to by three different 
colors (red, yellow, and blue). If the power system is 
balanced, it turns out that it is not necessary to consider 
it to be a three-phase system in most computational 
tasks; all analyses can be performed in a single-phase 
mode, and from the single-phase results, the conditions 
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Balanced voltages and currents in a three-phase power 
system 


in the three phases can be inferred. This leads to much 
simpler computational procedures for all power system 
problems. Technically, this single-phase representation 
is known as the “positive sequence ” representation. In 
general, a three-phase parameter (voltage, current, or 
impedance) can be represented by three “sequence” 
components: positive, negative, and zero. Under bal¬ 
anced conditions, only the positive sequence compo¬ 
nent exists, and the negative and zero sequences are 
zero. When severe unbalances occur (e.g., when there is 
a line to ground fault), negative and zero sequence 
components become significant. Even in normal oper¬ 
ation, there may be a small amount of unbalance pre¬ 
sent in the power system; thus, small amounts of 
negative and zero sequence components may exist on 
the power system during normal operating conditions. 
However, for most analyses, it is assumed that the 
unbalance can be neglected, and the power system 
may be assumed to be balanced; hence, only a single¬ 
phase representation using positive sequence voltages, 
currents, and impedances is appropriate. 

Since most power system problems are handled 
with positive sequence quantities, it is most advanta¬ 
geous to measure synchrophasors of positive sequence 
voltages and currents. This is accomplished by measur¬ 
ing synchrophasors of individual phase voltages and 
currents (X a , X b , and X c ) and calculating positive 
sequence synchrophasors (X : ) from them: 


Xi =1/3 [x, + (- 1/2 + j ^/3/2jX b 
+ (-1/2 -j x/V2)Xc 


Phasor Measurement Unit (PMU) 


Synchrophasors are measured by Phasor Measurement 
Units (PMU) installed in power system substations. 
A simplified schematic diagram of the PMU is shown 
in Fig. 4. 

Currents and voltages from the power system are 
transformed to measurement levels by instrument 
transformers, which are then supplied to the filter 
stage of the PMU which removes destructive induced 
voltages and currents as well as higher frequencies in 
order to avoid aliasing errors in the sampled data. The 
GPS receiver provides the 1 pps from the GPS satellites 
and is divided into desired sampling rates by a phase- 
locked clock. Typical sampling rates may vary between 
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12 samples per cycle of the power frequency to higher 
sampling rates measured in kilohertz. The phasor 
processor converts samples of each phase into a 
synchrophasor and finally into a positive sequence 
synchrophasor measurement which is assigned a time 
stamp before the measurements are transmitted over 
a suitable communication network to provide a stream 
of synchrophasor measurements. Typical reporting rates 
for the synchrophasors are of the order of once every 
cycle to once every few cycles depending upon the user’s 
requirements. 

WAMS Architecture Overview 

WAMS (Wide Area Measurement System) consists of 
Phasor Measurement Units (PMU) installed in power 
system substations and connected to one or more layers 
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A simplified block diagram of a generic PMU 


of Phasor Data Concentrators (PDC) so that system- 
wide phasor data can be made available at various 
regional or central locations for engineering applica¬ 
tions (see Fig. 5). The PMUs are placed in substations, 
where they collect voltage and current data. If multiple 
PMUs exist within one substation, their outputs are 
streamed to a PDC within the substation - shown in 
yellow color - over a local area network (LAN). Where 
there is one PMU per substation, the data from those 
PMUs and the substation PDC is connected to 
a regional PDC - shown in green color - over a wide 
area network (WAN). Regional PDCs in turn can be 
connected to a central PDC - shown in blue color - 
over another WAN. Each PDC basically collates data 
from the lower-level devices and by matching their 
time stamps creates a data stream as though it was 
a PMU with many inputs. The PDC may also remove 
faulty data, deselect some data, or alter the phasor 
reporting rate as required by specific applications. 

The LAN and WAN are likely to be private wired 
or fiber-optic communication networks on which 
high communication rates can be achieved. It is not 
expected that public WAN would be used for this 
purpose, as the questions of security and communica¬ 
tion delays may rule this option out. In many cases 
where fiber-optic options are not available, digital 
microwave, leased phone lines, or any other available 
communication channels may be utilized by the 
WAMS system. Of course, the throughput rate as well 
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Wide area measurement system architecture 
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as data latency of communication media dictates 
which of the WAMS applications can be successfully 
implemented in such systems. 

Suitable application tasks may be implemented at 
each PDC. Clearly, the data available at each PDC 
covers differing regions of the power system. Applica¬ 
tions of WAMS for power system monitoring, protec¬ 
tion, and control will be described in the following 
sections, where the amount of data needed by a specific 
application and the region of the power system which 
must be visible to the application will be discussed. As 
a general rule, the applications at lower levels of PDC 
require lesser amounts of data and respond more 
quickly than those at higher-level PDCs. In general, it 
has been found that the fast-responding applications 
can tolerate measurement latencies in the order of 50- 
100 ms. 

Power System Monitoring 

Reconstruction of Events 

The job of reconstructing the events involved in a major 
disturbance is a daunting one. Months and immense 
effort is involved. It is typically difficult even to deter¬ 
mine the sequence of events. Phasor measurements with 
precise time tags were not numerous in 2003, but the few 
that did exist stood out among the unsynchronized data. 
From the simple function of fault recorders to compli¬ 
cated reconstructions involving thousands of buses, 
time-synchronized measurements are vital. 

State Estimation 

One of the conclusions of the report on the 1965 
Northeast blackout was that, at that point, power sys¬ 
tem operators had insufficient information about the 
system they were controlling. State estimation and the 
modern energy management system were created to 
deal with these problems. Early state estimation 
“polled” SCADA systems connected to Remote Termi¬ 
nal Units in substation by moving systematically from 
substation to substation covering the entire system is 
the total scan. The measurements were power flows on 
lines, power inputs (injections) into buses, and occa¬ 
sional voltage magnitudes. It was necessary to assume 
that the system was static during the scan, i.e., the 
system did not change during the scan. Another view 


of the resulting estimate of the state is that it is the state 
of a hypothetical system which could support the com¬ 
plete set of measurements. Depending on how long the 
scan takes and the changes in the system that took place 
during the scan, the hypothetical system may not exist 
or may be quite different from the real system. The state 
of the power system was taken as the positive sequence 
voltages at the buses which could not be measured 
directly. The measurements and the estimated state 
were all complex numbers, magnitudes and angles, or 
real and imaginary parts. The calculation had to solve 
large numbers of nonlinear equations and was iterative. 
That combined with the data scan made the process 
slow with new estimates available every few minutes 
[ 1 ]. The result was a picture of the state of the system 
presented to operators and to the software that did the 
energy management (contingency analysis, for exam¬ 
ple). Faster computers and improved communication 
have reduced minutes to seconds over the decades. 

The complex voltage at bus k with angle 0 k and 
magnitude V k is given by 

E k = V k <h 

The measurements are complex flows and injec¬ 
tions. The real power flow from bus r to bus r with a 
series impedance z rs between r and s and a shunt admit¬ 
tance at bus r of y r is 

P rs = V 2 r [\Y rs \cos(ft rs ) + \y r \ cos(a r )] 

-V r V,cos (0 T -0 S -P„) 

where a r and (3 rs are the angles of the admittance of the 
series and shunt branch respectively: 

-=\Y„\e~^ y r = \y r \e^ 

Zrs 

In general, the measurements depend on the states 
which are complex voltages V at angle 0. 

z = g(V,0) + e 

Usually, the measurement errors are assumed to 
have zero mean and are independent, with a diagonal 
covariance matrix W: 

E{s} = 0, E{ee T } = W, wjj = 0, w„ = c\ 

The estimate is formed by minimizing the weighted 
differences between the actual measurements and the 
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computed measurement as a function of V and 0. The 
weights are the inverse of the covariances giving more 
weight to better measurements and less to low-quality 
measurements: 

7(V, 0) = [z - g (v, ojfwr 1 [z - g (v, 6)] 

_ v - ' ( z ; _ g<(V, ®)) 2 

h 

Writing a Taylor expansion about the last iterate 
V k , 0 k : 

g(V,0)=g(V k ,0 k ) + G 

where G is a matrix of first partial derivatives of the 
elements of g with respect to the components of x 
evaluated at x k . If 


"AV" 


V — V k 

A0 


0-0 k 


Az = z - g(V k ,0 k ) 


then one step in the iteration is given by 


G t W" 1 G 

H 


"AV 

A0 

"AV" 

A0 


G t W _1 Az 


G t W _1 Az 


The gain matrix H is large and sparse, and the 
equation is usually solved with Gaussian elimination. 
The matrix G is sparse much like the load flow Jaco¬ 
bian. By organizing the measurements into active and 
reactive power, the equivalent of the fast decoupled 
load flow can be used to simplify the expression further. 
With real or active power measurements (sub A) first 
followed by reactive power (sub R): 



z A 


Pkm 


Qkm 

Z = 

Zr 

5 Za 

. P k . 

, Zr = 

i 

< c 

1 _ 


and states as angles followed by voltage magnitudes to 
form 


Haa 

0 

A0 

0 

Hrr 

Av 


g t w _1 


Az a 

Az r 


Using the assumptions from the fast decoupled load 
flow (small angle difference, voltage magnitudes near 1, 
and large X/R for the lines), the off diagonal blocks of H 
are zero. An approximate H can even be computed with 


angles set equal to zero and voltage magnitudes set 
equal to one at the cost of more iterations. 

The addition of even a few direct measurements of 
angle to the previous formulation has a number of 
advantages and creates symmetry in the problem state¬ 
ment. When angle measurements are included, z A and 
z R both have three entries [2, 3]: 


z = 

z A 

5 Za 

Pkm 

Pk 

» Z R = 

t9? 
_ 1 


Zr 


0 k 


Vk 


The matrix G is modified in an obvious manner, 
but otherwise, the previous development applies. In 
order to use the PMU measurements in the conven¬ 
tional SCADA-based system, it is also necessary to put 
those measurements on the same reference as the 
convention estimate which has a reference bus. This 
generally requires the addition of a PMU at the 
reference bus. 

PMUs can also measure the currents in lines 
connected to the bus. The addition of line currents 
measurements can be used to compute the bus voltages 
on adjacent buses if the line model is known. The PMU 
measurements of both voltage and current have time 
tags and are different in nature from the SCADA mea¬ 
surements but can improve the conventional estimates 
even if the time tag is not used and the PMU data is 
simply treated as additional SCADA data. 

PMU-Only Estimators 

A modest number of PMUs will permit a PMU-only 
measurement system for selected parts of the system. 
For example, a PMU-only estimator for the 500-kV 
portion of a utility is quite possible. Phasor measure¬ 
ments of the bus voltages and line currents at some 
500-kV buses can form the basis of a linear estimate for 
the 500-kV system that can be updated as often as once 
a cycle. There have been studies of the number of PMUs 
required, their location, the phasing in of such systems, 
and their reliability [4-6]. While the results of these 
papers are interesting, the actual sequence of installa¬ 
tion of PMUs and the locations of the PMUs are fre¬ 
quently far from optimal. Many other issues influence 
these decisions in the real world. 

Even recognizing the practical side of the problem, 
the theoretical results are that fewer PMU are required 
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than might have been imagined. If we assume that any 
PMU can measure the bus voltage and all of the line 
currents at that bus (for a large number of lines, this 
may not be true for some PMUs, and more than one 
PMU must be installed in a substation), then the prob¬ 
lem of the minimum number of substations required to 
measure the state of the system can be solved. The most 
direct solution technique uses the node-node incidence 
matrix for the system. The matrix A has only Os and Is 
with Aii = 1 and Aij = 1 if there is a line from bus i to 
bus j. Using a vector x which has a one in position j if 
substation j is equipped with PMUs, then for any x the 
product y = Ax can be formed. Then, y k is the number 
of times the voltage at bus k is seen by the various 
PMUs. Ifx = [1001001001001 0]’ indicating 
PMUs at bus 1, 4, 7, 10, and 13 in the IEEE 14 bus 
system with A matrix below, then y=[1212212131 
1 1 1 1 ] ’, indicating that monitoring these five buses can 
completely observe the system. Nine of the buses are 
seen by only one PMU, however. 

Assuming that only some PMU measurements of 
bus voltages and line currents are used in the estimate, 
consider the pi equivalent for a transmission line in 
Fig. 6. The state of the system is the set of complex bus 
voltages. The measured currents are linear function of 
the state, assuming the line parameters are known. 

The measurements at both ends of the line are 


'V 


1 

0 

Eq 


0 

1 

Ipq 


y pq + y P o 

-y P q 

_Iqp_ 


- -y P q 

y pq + y q o_ 


For a more complex network, the measurements 
can be written as 


II 

YA + Y s 


[E b ] = BE b 


where II is related to a unit matrix with diagonal entries 
equal to one where a voltages is measured and zero 
otherwise. The second set of measurements are the 
currents expressed as flows in the shunt elements 
through y s and in the series branches. A is an incidence 
matrix, and y is a matrix of series impedances. The 
matrices Y and Y s are complex while the entries in II 
and A are only zeros and 1. With Y = G + jB and Ys = 
Gs + jBs, both the measurements and states can be 
written as real and imaginary, and the real products 
are (real*real-imag*imag) and the imaginary product 
as (real*imag + imag*real) to form 





II 


0 


z r 



GA + G s 


-BA - B s 


Zx 



0 


II 





BA + B s 


GA + G s 



x = (B t W -1 B) -1 B t W -1 z = Mz 



+ £ 


The estimate is then given by the least squares 
solution where W is the covariance of the measurement 
errors. Note that the matrix M is constant, can be 
computed off-line, and only changes when there is 
a change in topology (a breaker opening). The resulting 
estimate is free of the static assumptions and truly 
dynamic. 


Yrs 
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Pi equivalent of a transmission line 


Instrument Transformer Calibration for All-PMU 
Estimators 

The network in Fig. 7 shows CTs and CVTs. A precision 
PT is shown in red. All CTs and CVTs are assumed to 
have a ratio correction factor: kf. The true voltages and 
currents satisfy network equation: E t = ZI t . The actual 
measurements are related to true values by the ratio 
correction factors: I m = kifi. and E m = k e E t . A set of E m 
and I m is obtained over several points during daily load 
variation. With sufficient number of such measure¬ 
ments, a WLS solution for the ratio correction factors 
can be formed [7]. Large numbers of simulations have 
shown that the k’s can be determined with high accu¬ 
racy (equal to that of the good PT). 
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Wide Area Monitoring, Protection and Control. Figure 7 

Three-phase CTs and CVTs with a precision PT 


With the notation of the PMU-only estimator, the 
calibration problem can be written as 

z = KBx 

where K is a diagonal matrix of ratio correction factors, 
and x is the set of complex bus voltages. Both the k’s 
and the x’s are to be estimated. It is clear that with a k 
for every measurement that there are too many 
unknowns in that if K and x are solutions the aK and 
x/a are also solutions. For this reason, one ratio cor¬ 
rection factor is taken as 1 (the voltage measurement is 
taken as being correct); the k is removed from the set of 
unknowns. A precision PT or a new high-quality CVT 
can be used for this purpose. 

The estimation of all the k’s and all the x’s from one 
set of measurements is not possible. It is also necessary 
for the states to be sufficiently different to estimate all 
the ratio correction factors. A possible approach is to 
perform the calibration place over a 12-h period with 
measurements at a 1-h interval used for the calibration. 
The calibration is a batch solution for all the states (12* 
the dimension of the state) and the ratio correction 
factors. It is also assumed that: 

1. The transformer ratio correction factors are con¬ 
stant over the simulation period. 

2. At least one PT is perfect, which can be used as 
reference to calibrate other current and voltage 
transformers. 

3. The system model (network impedance matrix) is 
accurate. 


4. The 12 cases are used to get 12 different operating 
conditions which are sufficiently redundant to esti¬ 
mate the ratio correction factors of transformers. 

Each PTs and CTs have a ratio error of the form: 

Measurement = M* True 

where M is the ratio correction factor M = IMI Z0, 
where both M and 6 are randomly distributed with zero 
mean. If the precision PT is not perfect but has a known 
accuracy p, then all the CTs and PTs will have essen¬ 
tially that accuracy. 

Seams 

Creating a single state estimator for the connection of 
two large independent systems each with large state 
estimators is a challenging task. The individual estima¬ 
tors may each involve tens of thousands of buses and 
represent many years of effort. The estimators may be 
of different types, come from different vendors, involve 
different rates, etc. The proposal that two 30,000 bus 
estimators be merged into one 60,000 estimator is 
liable to fall on deaf ears. At the simplest level, the 
problem can be solved by recognizing that the only 
problem is that the estimators have different references 
and place two PMUs to measure the difference in the 
references. A PMU at the reference bus for system 1 and 
a PMU at the reference bus for system 2 would be 
sufficient. 

A slightly more elaborate solution is to include 
some buses near the boundary in both systems. This 
could be done by considering tie lines to be in both 
systems as shown in Fig. 8. 

If cj) is the angle between the references for the two 
systems and there are nb boundary buses, a more 
refined estimate of V can be obtained by averaging 
over the boundary buses as 

i nb 

i 

where the terms in the sum are the difference between 
the estimated angles at bus I in the two systems. 
A further refinement, [8], can be made by forming 
a performance index including the differences between 
the measured and calculated real and reactive flows in 
the tie lines that can be minimized by choice of the 
angle difference c|). 
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Protection 

Several areas of application of synchrophasors to pro¬ 
tection are “adaptive” (sections “Adaptive Security/ 
Dependability,” “Adaptive Out-of-Step ,” and “Adaptive 
Loss-of-Field”). Traditionally, relays were set, and the 
setting could only be changed by a visit to the substa¬ 
tion. Microprocessor relays allowed the relay engineer 
to change setting remotely, and the concept of adaptive 
protection introduced the possibility of automatic 
response to system conditions. “Adaptive protection 
is a protection philosophy which permits and seeks 
to make adjustments automatically in various protec¬ 
tion functions in order to make them more attuned 
to prevailing system conditions” [9]. PMUs have 
made adaptive protection possible. There is an exten¬ 
sive literature on a variety of adaptive protection appli¬ 
cations [9-15]. 

Adaptive Security/Dependability 

Traditionally, relays have been biased toward depend¬ 
ability where dependability is defined as the “degree of 
certainty that a relay or relay system will operate cor¬ 
rectly.” There is an inevitable trade-off between 
dependability and security, “the degree of certainty 
that a relay or relay system will not operate incorrectly,” 
that is, incorrect relay operations are either failure to 
trip in situations in which they should trip or trips in 
situations when they should not trip. With multiple 
primary relays (as many as three) and multiple backup 


relays (both zone 2 and zone 3), the existing system is 
heavily biased toward dependability. Examination of 
NERC data indicates that incorrect relay operations 
are involved in two third of major disturbances, not 
necessarily as the initiating event but as a contributing 
factor to cascading outages. The mechanism of “hidden 
failures” in relays underlies relay involvement in major 
disturbances. A hidden failure is “a defect or error in 
relay that does not manifest itself immediately but 
which can cause a miss-operation when the system is 
stressed.” The largest cause of hidden failures is thought 
to be maintenance. The Internet and Chemical plants 
also have maintenance-related hidden failures. 

The solution to at least some relay involvement in 
cascading outages is to adjust the security/dependabil- 
ity balance when the system is stressed. One simple way 
to accomplish this is to require that two of the three 
relays see the fault before tripping the breaker. This 
voting procedure only requires altering the way the 
outputs of the primary relays are combined. The relay 
logic itself is left unchanged. The PMU contribution to 
process is to determine if the system is in a stressed 
condition. Figure 9 shows a voting scheme. 

In a specific application, the location of the relays 
that will vote has to be identified. Important paths or 
tie lines whose loss would have a serious impact are 
obvious choices. Then, the location of the phasor mea¬ 
surement and the logic of translating measurements 
into a decision to vote have to be determined. One 
successful approach to these two problems is the use 
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Boundary buses between two systems An adaptive security/dependability protection scheme 
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of decision trees. The tree is trained with a selection of 
a large number of scenarios where it can be determined 
that a vote would be beneficial combined with a similar 
set of scenarios in which voting is not necessary. For 
example, if the path included parallel lines, the loss of 
an additional line due to a hidden failure can have 
serious consequences. Many transient stability simula¬ 
tions have to be performed to determine conditions 
where voting is indicated. The tree is selected with data 
mining software from an array which has a row for each 
events and a column for every measurement that might 
possibly be used. All bus voltages and line currents in 
the area could be included in the matrix, for example. 
The last column has a 1 for voting and a 0 for not 
voting. The data mining software selects the measure¬ 
ments to be used to form a tree. 

A tree is shown in Fig. 10. The grey boxes are 
splitting nodes while the white and textured boxes are 
terminal nodes. The first splitting node selects one 
measurement and tests that measurement value against 
a threshold. The remaining splitting nodes also use 
only one variable, and it is possible that the same 
variable can be reused in other splitting nodes with 
different y’s. The tree finds both the measurement m k 
and the threshold y. Typically, the initial splitting nodes 
for these power system problems are quite effective, 
and the splitting nodes lower in the tree are making 
fine corrections: < y or > y splitting logic. 

Monitoring Approach of Apparent Impedances 
Toward Relay Characteristics 

Relay settings are made at the time of commissioning of 
the substation and the protection system. Once made, 
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A decision tree with five splitting nodes 


these settings are generally not subjected to periodical 
review. Although this is not a universal practice, more 
and more power companies have limited manpower 
available for such tasks, and it is usually the case that 
the relay settings are seldom if ever revisited. 

It is a fact that many of the relay settings are based 
upon certain assumptions made about the power sys¬ 
tem configuration and load levels. This is particularly 
true about the slower protection functions such as 
backup zones of distance relays, loss-of-field relays, 
etc. As years go by, the relay settings which depend 
upon system conditions may no longer be appropriate 
for the prevailing power system conditions because of 
the natural evolution of the power system. As the relay 
settings become inappropriate, the possibility of false 
trip of such relays becomes likely. One of the watershed 
blackout events is the 1965 blackout in North Eastern 
United States. The settings of some relays involved 
in this event were made 9 years before the event and 
had become inappropriate for the system conditions 
existing in 1965. Misoperation of these relays was 
a main contributing factor of this blackout. 

PMUs employed for WAMS can be programmed to 
track the behavior of apparent impedance continuously 
and provide an alarm to the relay engineers that the 
apparent impedance trajectory recently (on recorded 
date and time) came within a prescribed distance of the 
trip characteristic. This is particularly effective when 
distance relays are used for the protection function. 
The concept is illustrated in Fig. 11. 
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Figure 11 

Zone setting of the relay in question is shown in red. 
Impedance trajectories are shown in blue, and two types of 
trajectories - one corresponding to stability swing and the 
other to load changes - are shown 
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The figure shows that load changes as well as stabil¬ 
ity swings did indeed come close to the relay zone, and 
a message to this effect is sent to the relay engineer 
responsible for this setting. After reviewing the inci¬ 
dent, the relay engineer may decide to review and 
modify the relay setting, or ignore the alarm 
confirming that the setting is in fact appropriate for 
the prevailing power system state. 

Adaptive Out-of-Step 

Out-of-step (OOS) relaying is used to determine if 
a major power system disturbance is likely to result in 
loss of synchronization between groups of generators 
in the system and lead to island formation of portions 
of the power system. The present practice is to use 
distance relays at the terminals of generators or on 
transmission lines which lie at the electrical center of 
expected system disturbances. The traditional OOS has 
a characteristic as shown in Fig. 12 with an inner zone 
and an outer zone in the relay impedance plane. Using 
large number of transient simulations performed on 
the power system, the settings of these relay zones are 
determined. The inner zone is such that no stable 
power swing crosses into it, while unstable swings are 
expected to cross the outer and inner zones in 
sequence. A timer is set somewhat greater than the 
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Figure 12 

Traditional out-of-step relay characteristic. All stable 
swings remain outside the inner zone while the unstable 
swings cross the outer and the inner zones in time which is 
shorter than the timer setting of the relay. Stable swings 
are shown in green, while unstable swings are shown in red 


largest dwell time of the unstable impedance trajectory 
between the two zones. The zone boundaries and 
the timer are then used to detect whether or not a 
prevailing disturbance will lead to instability. 

The traditional out-of-step relays are often inade¬ 
quate when the power system changes or when unan¬ 
ticipated outages occur. In such cases, the relay settings 
may not be appropriate to the prevailing system con¬ 
ditions, and the OOS relay is likely to misoperate. 

Adaptive out-of-step relaying principle proposes to 
use real-time measurements to determine whether or 
not an evolving disturbance is going to lead to insta¬ 
bility. The most promising real-time measurements to 
achieve this goal are the phasor measurements pro¬ 
vided by the PMUs. In this approach, the first step is 
to detect the formation of coherent groups of genera¬ 
tors and, once the coherent groups have been deter¬ 
mined, to predict the likely outcome of power swings 
between the coherent groups. In order to determine 
coherency between generators, it is necessary to track 
the rotor angles of generators in time as the disturbance 
evolves. The rotor angles are determined from phasor 
measurements performed at the terminals of the gen¬ 
erators and then using the generator equivalent circuit 
to determine rotor angles. In many cases, it is sufficient 
to track the behavior of the positive sequence voltage 
angle at the generator terminals. Figure 13 illustrates 
the concept of this type of adaptive out-of-step 
relaying. 

It is of course possible that there are some unusual 
disturbances whereby it is not possible to identify the 
coherent groups or make a successful prediction based 
upon an observation window. However, a success rate 
of around 90% seems to be possible in most power 
systems and should be considered to be a good out¬ 
come of the adaptive out-of-step relaying principle. 

Supervision of Backup Zones 

Distance relays are used to protect transmission lines. It 
is common practice to use three zones of distance relays 
to cover the complete transmission line (with zones 1 
and 2) and provide a backup protection for neighbor¬ 
ing transmission lines with zone 3. The three zones are 
given different operating times - zone 1 being the 
fastest, zone 2 having an operating time of about 
300 ms, and zone 3 operating in about 1 s, thus giving 
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Wide Area Monitoring, Protection and Control. Figure 13 

Adaptive out-of-step relaying principle. Generator rotor angles are monitored to determine whether coherent groups are 
being formed. Once the coherent groups are formed, a prediction regarding the outcome of the swing can be made 


enough time for relays of the neighboring lines to 
operate if there is a fault on those lines. Backup zones 
of protective relays - in particular the third zone of 
distance relays - are known to be encroached upon by 
load swings during system disturbances. As load excur¬ 
sions in the relay protective zones lead to incorrect 
trips, this usually leads to a worsening situation and 
accelerates the approach to cascading system failures. 
Some engineers have recommended getting rid of these 
overreaching zones completely in order to avoid false 
trips of this type. However, there are documented cases 
[16] where it is found to be essential to have zone-3 
protections in order to back up neighboring circuits 
when their primary protection fails for some reason 
[16]. It then becomes necessary to consider ways in 
which the overreaching zones of distance relays can be 
made secure against false trips due to load excursions. 

Consider a portion of a power system shown in 
Fig. 14. Zone 3 of the distance relay at station 
A (shown in red) is assumed to be picked up because 
of load excursion during a power system contingency. 
The decision to be made is whether the zone-3 pickup 
is due to a fault on lines BC or BD or is in fact caused by 
a load excursion. If it is a fault on lines BC or BD, at 
least one of the PMUs located at stations B, C, or 
D (shown in blue) will indicate a zone-1 fault. If none 
of the PMUs confirm the existence of such a fault, then 
zone 3 of the relay at A must be blocked. As zone-3 
operating times are of the order of 1 s, there is ample 
time to get the information from stations B, C, and D to 
the relay at station A. It should be noted that if an 
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Figure 14 

Supervising zone 3 of the distance relay at station A. It is 
assumed that PMUs exist at stations B, C, and D 

unbalanced condition is detected at station A, an 
unbalanced zone-3 fault is indicated, and the blocking 
of its operation is not appropriate. As load excursions 
are balanced phenomena, the blocking logic based 
upon inputs from B, C, or D is appropriate only 
under balanced network flow conditions. 

Adaptive Loss-of-Field 

Large generators in power systems are generally 
protected against operating with reduced field current. 
The problem faced by these generators is instability 
when the field current is suddenly reduced due to 
some problem in the excitation circuit. The traditional 
protection against loss-of-field (LOF) uses offset 
impedance relays connected at the terminals of the 
generator. The relay settings are determined by the 
impedance of the generator and the equivalent imped¬ 
ance (Thevenin impedance) of the power system to 
which the generator is connected. A typical loss-of- 
field characteristic is shown in Fig. 15. 
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Excitation system 


Wide Area Monitoring, Protection and Control. Figure 15 

Generator with its excitation system connected to power system. Characteristic of the LOF relay connected to generator 
terminal is shown on the right 


The LOF relay setting consists of two concentric 
offset impedance circles as shown in the figure in blue 
color. The inner circle is the actual stability limit, 
whereas the outer circle shown by dotted line provides 
an alarm to the operator to take some corrective action 
before stability limit is reached. The center and radius 
of the circles are determined by the machine impedance 
(including the step-up transformer impedance) and 
the Thevenin impedance of the power system equiva¬ 
lent. A typical impedance trajectory indicating a loss- 
of-field condition is shown in red: the start of the 
trajectory is in the first quadrant where the pre¬ 
disturbance load is assumed to exist, and as the field 
current decreases, the impedance trajectory moves in 
the fourth quadrant and may enter one of the zones of 
the relay. 

During a major disturbance on the power system as 
transmission lines are lost due to faults or other con¬ 
tingencies, the power system Thevenin impedance may 
undergo significant changes. These changes should be 
taken into account and the relay characteristics modi¬ 
fied accordingly. If this is not done, it is likely that 
instability of the generator could result even though 
the impedance trajectory has not entered the zones set 
according to “system normal” conditions. An adaptive 
LOF relay would track the behavior of the power system 
as it undergoes changes during system disturbances 
and correct the relay settings automatically to reflect 
the prevailing state of the Thevenin impedance. In 
general, the network changes remote from the genera¬ 
tor do not affect the Thevenin impedance significantly, 
and there may be just a few network configurations for 
which the relay characteristic needs to be changed. The 
possible contingencies and their corresponding relay 
settings could be pre-stored as various setting groups 
in the LOF relay, and when one of these contingencies 


actually occurs on the system, the relay setting changes 
to the appropriate group. 

Intelligent Islanding 

When subjected to catastrophic events, generators in 
the power system may lose synchronism with each 
other so that they can no longer continue to operate 
as components of a single power system. Usually, gen¬ 
erators tend to maintain synchronism within individ¬ 
ual groups, which could get separated from the rest of 
the power system. Several islands may be formed in this 
fashion, each island stabilizing as a separate power 
system with its own generation, transmission system, 
and load. If the formation of islands is allowed to 
happen in an uncontrolled fashion, it is possible that 
unsustainable islands would be formed, and some 
islands or the entire power system may be subjected 
to a blackout. This is the motivation for implementing 
an intelligent islanding scheme. 

The first step in such a scheme is to identify groups 
of generators which remain coherent as a precursor to 
forming an island. This concept is illustrated in Fig. 16. 

Consider the power system in Fig. 16, which has 
been subjected to a significant contingency, and as 
a result, groups of generators shown in red and blue 
develop rotor movements as illustrated in the swing 
curves shown on the right. Based upon this movement 
of rotors, it can be concluded that the group of blue 
generators is a coherent group, and the red generators 
form another coherent group. The next step is to match 
the capacity of blue generators with loads shown in 
blue, thus making up the structure of the proposed 
island. The red loads are then teamed with red gener¬ 
ators, which are also approximately matched in gener¬ 
ated power and load. Having identified load and 
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Wide Area Monitoring, Protection and Control. Figure 16 

Intelligent islanding principle. Coherency of groups of generators is established, and then possible island with those 
generators is identified 


generation match, the next step is to identify the least 
number of lines (shown in green) which when opened 
will create two islands which have the potential to 
survive as two independent power systems, which can 
be re-synchronized into a single power system at a later 
stage. 

Intelligent Load Shedding 

Most modern power systems are equipped with an 
underfrequency load shedding scheme by which cer¬ 
tain amount of load is shed in order to match available 
generation with load it can serve. This may become 
necessary when a block of generation is lost due to 
faults or other causes, or when the power system has 
broken up into islands with unequal generation and 
load. In this scheme, the load shedding is accomplished 
only after the frequency of the system changes because 
of the load-generation mismatch. A more intelligent 
approach to load shedding would be to anticipate the 
possibility of a load-generation mismatch developing, 
which may (if unchecked) lead to system islanding. 
Such an approach requires that an estimate of the 
load-generation mismatch be formed as soon as it 
takes place and then shed an appropriate amount of 
load without waiting for the system to break up into 
islands and the island frequency to change. 

Consider a generic power system shown in Fig. 17. 
It is a part of an interconnected power system, and 
it has several tie lines (shown in green) connecting 
it to the rest of the grid. As the system undergoes a 
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Figure 17 

Intelligent load shedding principle. Changes in tie line 
flows are used to determine load shedding requirements 
to balance load and generation within the system 


change - such as a loss of some generation - a potential 
for load-generation imbalance within the boundary of 
the power system occurs. If changes in the tie line flows 
are monitored by the Wide Area Monitoring System, it 
reflects the contributions made by the rest of the grid to 
aid the power system in riding through this disturbance. 
From the changes in the tie line flows, an estimate of the 
impending load-generation imbalance in the system can 
be made. If it is determined that the potential imbalance 
is significant, and that if not corrected immediately may 
lead to islanding of the power system, load shedding 
could be initiated by supervisory control without 
waiting for the frequency to decay. 
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A number of simulation studies need to be 
performed on the complete grid with various scenarios 
of generation loss. For the cases which lead to islanding 
in the simulation studies, different amounts of loads to 
be shed to prevent the formation of island can be 
established. The results of these studies can then be 
used as an aid in determining the load shedding 
required in actual cases of generation loss. 

Power System Control 

Prior to synchrophasor measurements, essentially all 
control in the interconnected power system was based 
on local measurements. Control that responded to the 
power system frequency was a possible exception since 
frequency is a global quantity viewed on a long time 
scale. Many techniques were developed to deal with the 
limitation of local measurements. A variety of equiva¬ 
lents, coherent groups, and reduced order models were 
use to develop control strategies. The existence of wide 
area measurements with time tags opened up the pos¬ 
sibility of control based on some remote measure¬ 
ments. Full state feedback as employed in smaller 
systems is still impossible, but feedback of important 
variables can be considered. The choice of the control 
strategy and placement of remote measurements are 
problem dependent and are current research topics. 
Concerns with latency in the signals, the performance 
of data concentrators, and the design of communica¬ 
tion networks have delayed control applications more 
than some other areas. 

Control of Sustained Oscillations 

Very low frequency lightly damped low-frequency 
oscillation has been observed in large power systems 
for decades. The interactions between groups of 
machines displaced by large distances tend to be at 
frequencies less than 1 Hz. The analysis of such 
modes is based on small signal linear models found 
by linearizing about an operating point. Such Inter¬ 
area oscillations are tolerated when they have sufficient 
damping but can become a serious threat when the 
damping starts decreasing. The evolution of a 0.27-Hz 
mode in the WECC disturbance in 1996 is representa¬ 
tive. The oscillation began as 0.27 Hz with 7% 
damping. The tripping of a significant line altered the 
mode to 0.254 Hz with 3.46% damping which over the 


course of about 200 s became 0.252 Hz with 1.2% 
damping. Shortly thereafter, another line tripped, 
a generator was dropped, and the mode became unsta¬ 
ble [17]. In China, in 2008, two system-wide low- 
frequency-oscillation events occurred respectively in 
the South China and Central China grids [18]. 
A 0.4-Hz oscillation was a precursor to the 2003 East¬ 
ern China disturbance [18, 19]. The conventional 
approach to damping such oscillations is to employ 
a power system stabilizer (PSS). PSSs use local infor¬ 
mation such as accelerating power, the generator rotor 
speed deviation, or frequency deviation as input to the 
regulator to damp oscillations. 

Modern digital power system stabilizers [20] still 
use local measurements of power and frequency and 
are aimed at single inter-area oscillations. There have 
also been studies including remote measurements in 
a coordinated multi-input environment [21, 22]. The 
number of remote measurements considered in these 
studies has been small compared to the number of such 
measurements that are possible. In rapidly growing 
systems such as the Chinese power system, the limita¬ 
tion of PSSs that are designed for specific modes is 
more apparent. The need to retune PSSs has prompted 
investigation of techniques to adapt PSS operation to 
changing system conditions [23, 24]. The most ambi¬ 
tious approach is to coordinate PSSs, FACTS devices, 
and DC lines in stabilizing inter-area oscillations 
[25-28]. Linear feedback based on various robust con¬ 
trol techniques have been employed to deal with power 
system nonlinearity and uncertainty. Time delays 
have been modeled as uncertain parameters [25], 
unmeasured portion of the system was represented by 
unmodeled dynamics [27] , and LMI techniques used to 
design robust ^/H^ controllers [28-33]. 

Control of Large Oscillations 

Faults that remain on the system longer than a “critical 
fault clearing time” can cause oscillations large enough 
that the nonlinear nature of the system is exposed. The 
oscillations are described by a coupled set of nonlinear 
differential equations. Depending on the complexity of 
the representation of the generators, each machine can 
be described from 2 to 20 or more state variables. At the 
simplest level, the “classical” machine model involves 
the rotor angle and speed (the derivative of the angle). 
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If the rotor angle is denoted by d, the “swing” equation 
for a single machine in a per-unit system takes the form: 

MS + DS = P m - P e 

where M is the inertia of the machine, D is the 
damping, P m is the mechanical input power, and P e is 
the electrical output power. The equation is nonlinear 
since the electrical power is a function of angle differ¬ 
ences, i.e., P e depends trigonometrically on S. In equi¬ 
librium, P m = P e , and S is constant. The equal area 
criterion in section “Adaptive Out-of-Step” is devel¬ 
oped from examination of the swing equation for 
a single machine. Even in using reduced order model¬ 
ing in large systems, there are hundreds of coupled 
nonlinear differential equations to be solved in order 
to study the transient stability problem. The equations 
are coupled by the P e term because every machine 
connected to machine n has an electrical power contri¬ 
bution to P e . If the fault duration is too long, the system 
is moved away from equilibrium on the “fault on 
trajectory” and begins to oscillate or swings when the 
fault is cleared. In large systems, the time for one period 
of a transient swing is a second or more, suggesting that 
time is available for PMU measurements to be used 
in control of these oscillations. The means available 
for control are somewhat limited. Fast valving of 
steam turbines; insertion of a dynamic brake; genera¬ 
tor, reactor, and line switching; control of DC line 
flow; and FACTS devices are possible. Specific applica¬ 
tions of PMU inputs to some of these controls have 
been reported [34-40]. The use of PMU measure¬ 
ments in these control schemes should improve their 
performance. 

In one study, the control involved the DC lines and 
was discrete in nature. The PMU measurements were 
mapped into regions where specific discrete control 
actions were taken [41]. Many off-line simulations 
were used to generate the mapping, but no time was 
involved in real-time computing a control action. 

Remedial Action Schemes 

Remedial Action Schemes (also known as Special 
Protection Schemes or System Integrity Protection 
Schemes - SIPS) are designed to address a problem 
caused by a relaying action. For example, the loss of 
one of three parallel lines could overload the remaining 


two lines. The scheme might not always be enabled but 
could be armed based on system conditions. If the flow 
in the lines was large enough, the control scheme could 
drop load and/or generation when a relaying action 
removed any of the parallel lines. In some cases, oper¬ 
ators arm the RAS scheme. All SIPS are essentially 
specially designed control and protection systems and 
can be enhanced with PMU input [42] . The addition of 
PMU information for SIPS could be managed using the 
decision tree approach used for adaptive security/ 
dependability in section “Adaptive Security/Depend¬ 
ability” The proper coordination of large numbers of 
these schemes is an even more challenging problem. 

System Restoration 

Synch check relays are used to ensure that two AC 
systems are synchronized. For a system to be synchro¬ 
nized, the frequency, phase angle, and voltage must be 
within preset limits. Wide area measurements could be 
used to perform these same functions across breakers 
used to close tie lines between islands reclosing when 
the angle differences are within acceptable bounds. If 
the angles exceed acceptable limits, a generation-load 
rescheduling within the islands could bring the quan¬ 
tities within limits. The large number of unsuccessful 
attempts to reclose in Europe in November 2006 gives 
testimony to the need for real-time angle measure¬ 
ments in restoration [33]. Restoration could only be 
achieved after the phase angles of separated areas 
become acceptable. 

Artificial Neural Networks (ANN) have been pro¬ 
posed to aid in system restoration [45]. The ANNs can 
be trained to determine island boundaries for restora¬ 
tion and to determine a sequence of switching opera¬ 
tions which would lead to restoration, taking into 
account overvoltages due to light load conditions and 
problem caused by cold-load pickup. 

Future Directions 

Wide Area Measurement Systems utilizing Phasor 
Measurement Units have become the power system 
sensors of choice. These systems deliver precise simul¬ 
taneous measurements of key power system variables 
from which reliable real-time models of power 
systems can be created and intelligent monitoring, pro¬ 
tection, and control decisions could be implemented. 
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These measurements also offer one of the most reliable 
tools for postmortem analyses of catastrophic events 
taking place on the power systems. From such analyses 
follows an understanding of realistic models of power 
system elements and more realistic simulation tools. 

The future of this technology holds the promise 
that power systems of the future will be made more 
secure - that is, they will be less immune to cata¬ 
strophic failures - and in rare cases when such failures 
do occur, their impact will be considerably reduced in 
its physical extent and duration. This will be made 
possible through protection and control tasks which 
take into account precise knowledge of the current state 
of the system and take actions which are best suited to 
the prevailing power system conditions. 

It is already clear that the technology is making an 
impact on all major power producers throughout the 
world. As the world brings into the mainstream of 
electric power establishment greater number of alter¬ 
native energy sources, dependence on this technology 
is going to be even greater as engineers face the chal¬ 
lenge of integrating these newer-generation systems 
which behave in unpredictable and intermittent fash¬ 
ion. Application of this technology in coming years will 
usher in an era of cleaner, abundant, and reliable supply 
of electricity to future generations. 
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Glossary 

Primary control The instant reaction in a power sys¬ 
tem to keep the continuous balance between pro¬ 
duction and consumption. 

Secondary control Normally automatic changes in the 
production system in order to release used primary 
controlled units. 

Control area A change in production or consumption 
in a certain control area will cause an automatic 
response from the secondary controlled units in the 
same control area. 

Regulating capacity The power plants and consumers 
which can change their production or consumption 
when requested in order to keep the balance. 
Balancing market A market where regulating capacity 
can be bid in and the best offers are then used when 
balancing is needed. 

Balancing reserves Regulating capacity that is bid into 
a balancing market. 

Balancing area A change in production or consump¬ 
tion in a certain balancing area will cause an auto¬ 
matic or manual response from the regulating 
capacity in the same balancing area. 

Definition of the Subject 

Wind power balancing considers the challenge to keep a 
continuous balance between total production and total 
consumption in a power system. The varying wind 
speed introduces special considerations concerning 
how to keep this balance in an efficient way. This article 
is mainly focused on wind power as a part of a larger 
power system. 

Introduction 

In a power system there is always a challenge to keep the 
balance between total production and total consump¬ 
tion. This challenge has existed ever since the first 
power systems were installed more than 100 years ago. 


Since 1970 the amount of wind power has grown from 
a marginal source to levels of more than 50% during 
some situations in certain parts of some systems. This 
increase is expected to continue, which means new 
challenges and requirement of new methods to keep 
the requested balance in an efficient way. 

This chapter provides an overview about the chal¬ 
lenges that are faced with the integration of large-scale 
wind power into the power system. There are always 
changes in production and consumption in all power 
systems since the load changes continuously and there 
are sometimes sudden outages in power plants and/or 
power lines. Despite these changes, the continuous 
balance between production and consumption is 
always kept. With larger amounts of wind power, the 
net changes in the controllable part of the production 
and consumption system will increase since wind 
power changes will increase the overall changes seen 
by the rest of the system. The challenges include 
balancing of changes and keeping enough margins for 
reacting to changes depending on uncertain forecasts. 
Also, methods for estimation of the size of the increased 
challenges need to be addressed, as well as efficient 
market rules for an economic operation. 

This chapter first describes the challenge of how to 
keep the physical balance between production and 
consumption in any power system, Physical Balancing. 
This is followed by a section concerning how the 
planning of the balancing can be organized in an elec¬ 
tricity market, Electricity Markets and Production 
Planning. The next section includes a description of 
how a power system is affected when the share of wind 
power increases. Finally results from several larg-scale 
integration studies and conclusions from the chapter 
are presented, “Results from Integration Studies” to 
“Conclusions and Future Directions.” 

Physical Balancing 

The starting point is that electricity cannot be stored. 
Today, some electricity storage technologies exist but 
are still not cost effective to be used in large power 
systems. This means that as soon as electricity is con¬ 
sumed it has to be generated and vice versa, that is, as 
soon as electricity is generated it has to be consumed. 
This applies always and is a physical law that cannot be 
changed. In practice, this means that as soon as a lamp 
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is switched on, the corresponding electricity has to be 
produced somewhere else. The other way around it is 
true that - when a wind or coal power station (or any 
other power station) generates power - at exactly the 
same time, the electricity has to be consumed some¬ 
where else. This means electricity cannot “disappear”! 
There are of course always losses in the power system 
but these are usually only a few percent (in, e.g., Sweden 
ca. 10%) of the consumption if the entire chain from 
the generation feed-in via power lines all the way to the 
consumer is considered. Losses are caused by power 
lines and transformers that get warmer when a current 
flows through them. In practice, this means that total 
production (= what generators feed into the power 
system) is always larger than what consumers take out 
of the power system. Sometime, the words “power 
shortage” or “excess power” are used in this context. 
These terms, however, rather refer to economic issues. 
From a physical perspective, there is no “excess power” 
or “power shortage.” “Power shortage” means that 
somebody would like to consume electricity, but that 
there is no power available at the consumer’s location 
or for the price the consumer is willing to pay. As 
opposed to this, “excess power” refers to a situation 
where there are power stations that could produce 
power if consumers were willing to consume more 
and to pay the price for this power. 

It is naturally a challenge for the power system to 
maintain an exact balance between production and 
total consumption including power system losses. The 
biggest challenge for a power system is often a situation 
where - for some reason - there is a sudden unplanned 
stop in a large power station. In that case a production 
capacity of, for example, about 1,000 MW of power 
generation can be lost, which corresponds to the 
amount of power generated in a larger nuclear power 
station. In the exact moment when such an incident 
occurs, the design rule is normally that all consumers 
continue to be supplied with power as usually, that is, 
as the failed power station cannot supply them any 
longer, the electricity has to come from another 
power source. A power source that is always available 
as “reserve” power are all the spinning parts of the 
generators, generators that are on-line producing elec¬ 
tricity (in hydro-power stations, nuclear power sta¬ 
tions, coal and gas power stations, and others) of the 
entire power system, such as, for example, the whole 


Nordic power system, the Central European EU UCTE 
System etc. The spinning parts include the rotor, the 
shaft, and the turbine. At the very moment a large 
power station comes to a sudden stop, the power is 
supplied from the energy stored in all these spinning 
parts, and then reserves start to operate in different 
time scales. A bicycle can be used to illustrate how the 
balance in a power system is maintained. This is shown 
in Fig. 1. 

Regulating Capacity and Reserves in Power Systems 

In power systems it is, as discussed above, crucial to 
maintain both the flexibility and reserves necessary to 
keep the system operating under a range of conditions. 
These conditions include possible unscheduled plant 
outages, as well as predictable and uncertain variations 
in load and in primary generation resources including 
wind. Day-ahead scheduling for unit commitment is 
done according to the load (and wind) forecast and 
real-time load following is accomplished with opera¬ 
tional reserves. 

Continuous Balancing: Load Following Capacity 

Since production always has to equal consumption 
a power system needs to be flexible. As consumption 
varies, even production has to vary accordingly. Here, 
power stations that are available for continuously fol¬ 
lowing power consumption are defined as load follow¬ 
ing capacity. This group comprises a large number of 
power stations as the difference in consumption 
between day and night can amount to several thousand 
MW. Power consumption refers here to the net con¬ 
sumption that has to be supplied by power stations 
whose production is controlled specifically with that 
goal. In a first step, wind power is considered as “neg¬ 
ative power consumption,” that is, the other power 
stations have to supply the net consumption = differ¬ 
ence between actual power consumption and wind 
power production. 

Figure 2 shows a continuous curve that describes 
the power consumption that has to be continuously 
supplied where the load changes are met by controllable 
power production, that is, load following capacity. Most 
of the load following in the figure is scheduled day 
ahead. In the figure the hydro power is used for daily 
regulation, while nuclear power during this week is 
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used for weekly regulation (to help to follow the lower 
consumption during weekend). 

The figure shows an example of the continuous 
variations of net consumption. It always exactly equals 
production that, therefore, also has to vary. There are 
some phenomena to consider: 

• When net consumption is at its lowest level it can 
only increase. This is due to that consumption 
increases and/or wind power decreases. At this 
level, also controllable production is at a low level, 
resulting in that there are several power stations 
with margins to increase their production. In prac¬ 
tice, it is not possible to say when the lowest 
production level is reached; therefore, it is necessary 
to have standby capacity to decrease production 
even then. 

• Challenge for following an increasing power con¬ 
sumption. There are often some power plants on¬ 
line that can increase their production level and this 
can be done at short notice. In addition it is possible 
to start up power plants that are not on-line. For 
many power plants this can take 4-12 h. The chal¬ 
lenge is to keep enough power plants on-line to be 
able to follow the changes needed in short notice. 
Some power systems may have limitations as to how 
fast production can be increased. This is a particu¬ 
larly big challenge in systems with thermal power 
plants, for example, coal-fired power stations, as 
these need time to heat up and may have limitations 
regarding the ramping speed in MW/min. Hydro 
power often can move from zero to full production 
in a short time, 5-10 min, but how short this time is 
depends on a number of different factors, such as 
water supply, conditions due to water legislation, 
current operational mode and technical solutions 
of the individual plant. It is also possible to use 
demand response - lowering consumption in 
these cases. 

• Challenge for following a decreasing power con¬ 
sumption. Technically it is possible to decrease 
production of the power plants on-line to the 
desired level in most cases, but this can in some 
cases result in energy losses when, for instance, 
steam has to be dumped or water has to be spilled. 
Most power plants have a minimum operation limit 
before they have to be shut down, and shutting 


down can be a lengthy process. It is also possible 

to use demand response - increasing consumption 

in these cases. 

Continuous Balancing: Operational Reserves 

Day-ahead scheduling can cover most of the load fol¬ 
lowing. However, one challenge when operating 
a power system is that there are no perfect forecasts. 
A lot of things may occur, for instance, power line 
interruptions, unpredicted changes in consumption 
and unpredicted changes in wind power or other gen¬ 
eration. Independent of what happens, controllable 
power stations have to change production in that case 
because total production has to equal total consump¬ 
tion at all times. This means, there have to be reserves, 
that is, margins to change production level in case of 
such events. The assumption is to have reserves in 
power stations, but it is also possible to have reserves 
in the form of changed consumption and/or changed 
transmission on controllable power lines to power sys¬ 
tems in neighboring countries. However, if you change 
the transmission on controllable lines you move the 
balancing requirement to the other side of the line and 
the production (or consumption) has to be changed 
there instead. 

On the bicycle in Fig. 1, another cyclist has to pedal 
if somebody stops pedaling. The cyclist that now pedals 
more was not able to pedal to the maximum before. 
The margin this cyclist has can thus be called a reserve 
that this person has in case somebody else stops pedal¬ 
ing or somebody else breaks stronger. The same occurs 
in a power system. If a power station stops working, if 
wind power plants decrease production, or if some¬ 
body increases power consumption, there has to be 
some other power station that can increase production. 
If a nuclear power station with a usual production of 
1,000 MW suddenly stops, other power stations have to 
have margins to directly increase production by 
1,000 MW. If wind power production decreases 
by 200 MW, there have to be other power stations 
that take over that production to supply power 
consumption if at the same time there are no changes 
in consumption as production always is equal to 
consumption. 

It is important, though, to take into account, that 
“reserve” means that a power station stands by to 
produce more. On the bicycle, there is one person 
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Bicycle 


Power system 



It is assumed that some people on the bicycle pedal 
and others break. Air resistance and wheel resistance 
are “losses” and are part of the breaking process. If 
cyclists pedal the whole time exactly as much as they 
break, the bicycle will move at a constant speed. 


This corresponds to a situation where total production equals total consumption in 
the power system (e.g., the Scandinavian power system shown in this figure). This 
balance means that all large generators (with so-called synchronous generators 
where the electrical frequency is directly related to how fast the generator spins) 
spin with the same frequency and you get a constant frequency in the entire power 
system. It is normally 50 Hz, that is, the alternating voltage changes polarity 
between plus and minus exactly 50 times per second. 


If somebody stops pedalling because his leg suddenly 
hurts, the bike slows down. It does not directly stop 
because it has a certain inertia due to the weight of the 
people on the bike and of the bike itself. 


This corresponds to a situation where a power station suddenly stops production. 
The power system starts to slow down and the frequency slightly decreases. It starts 
decreasing in the same way the bike starts slowing down. However, the frequency 
does not directly drop as there is a large amount of kinetic energy in the turbines, 
etc. that drive the generators. 


When the bike’s speed (the same speed across the 
entire bicycle) decreases, there are some cyclists who 
pedal and have a speedometer. If they notice that the 
speed goes down they can pedal stronger in order to 
compensate for the cyclist whose leg hurts. The 
remaining cyclists increase their power on the pedal to 
a level that keeps the speed constant. Again there is a 
balance between pedallers and breakers. 


This corresponds to a situation where there are frequency meters installed in several 
Scandinavian power stations, mainly hydropower stations, that continuously 
measure the electric frequency (which is the same in the entire Scandinavian power 
system). When the frequency decreases, the power production in these power 
stations increase in order to compensate for the reduced production in one of the 
other power stations. After that the frequency is stable again. All this happens 
automatically, independent of who has caused the imbalance: whether a power 
station fails, the wind speed drops in a wind power plant, somebody increases 
power consumption, or somebody starts-up a power station, etc. After that, suitable 
power stations are started up by manual regulation in order to restore the automatic 
reserve. 


In a large power system such as, for example, the Scandinavian one, it is important to take into account limitations in the transmission capacity 
in order to not overload the lines when variations in one area are compensated with changes in another area. On the bike, the chain can jump 
off if everybody in the front pedals and everybody else breaks. 


Wind Power Balancing. Figure 1 

Illustration of how to keep the balance in a power system [1] 
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that stands by to pedal more in case this is needed, that 
is, no effort is involved in standing by. The same occurs 
in the power system; the power station that maintains 
margins = reserves does not produce any power, but 
would be able to do so if required. Sometime there is 
a misconception of those power stations that are kept as 
a reserve increase emissions continuously or use water 
unnecessarily. However, there might be a certain effect 
if you operate a power station at a lower efficiency. In 
order to create fast reserves, coal-fired power stations 
are sometimes operated at low levels (with lower effi¬ 
ciency), even though production costs may be higher 
than optimal (the person on the bicycle cannot be at 
home and sleep). A power station (or part of a power 
station) that works as a reserve cannot produce any 
power; as the actual goal is not to produce any power, 
but just to stand by to do so if required. It is mainly 
power production that causes, for instance, coal-fired 
power stations to emit carbon dioxide and water from 
hydro-power station dams to flow through the tur¬ 
bines. It is also important that there are steady reserves 
for down-regulation if load decreases or wind power 
increases. To do this cost efficiently this should be done 


without this down-regulation causing unnecessary spill 
in hydro power, for example. 

It is a big challenge to design a system that keeps 
reserves in a way that is economically efficient. Some 
power stations (e.g., hydropower stations that are oper¬ 
ated at optimum efficiency or gas turbines on hold) 
hardly incur any costs for keeping reserves , but there will 
be costs if they are used. In other power stations (e.g., 
coal-fired power stations that operate at a low level), 
there are costs for keeping reserves (energy losses due to 
less efficiency), but efficiency increases if the reserves are 
used, that is, the production increases. An efficient 
approach to handling reserves must therefore take into 
account the costs of keeping them, the costs of using 
them as well as an estimate of the probability of being 
used. An efficient way of handling reserves has to include 
efficient market signals that give correct incentives. 

The examples refer to reserves for production 
increase, but there are also corresponding examples 
for reserves regarding the decrease of production. 
Figure 3 shows an example of a (wrong) forecast at 
the beginning of a time period for hours 5-24, and an 
updated forecast for hours 15-24. 


Swedish electricity production and consumption 
week 10-2009 

Source: Svenska Kraftnat and Swedenergy 
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Wind Power Balancing. Figure 2 

Power production and consumption in Sweden during week 10, 2009. The difference between production and 
consumption corresponds to the power traded with neighboring countries. Power consumption changes continuously 
during the week and has to be supplied by controllable production 
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The reserves that have to be kept depend on how fast 
they are available and how large the demand is for 
different time horizons, that is, what are the dimen¬ 
sioning events. Here the time horizon is of key impor¬ 
tance: It may happen, for instance, that it will get very 
cold (very high power consumption in a system with 
large amounts of electric heating) within a few days. 
But if all available resources can be started within 4 h, 
a decision has to be taken only 4 h before the high 
power consumption will occur. However, it may be 
necessary for the respective power station to call in 
employees and this may require a notice of 24 h. 

If you continuously update the forecast, this means 
that you also can continuously decrease the uncertainty 
of the forecast for a certain hour. Figure 4 shows the 
needed production increase in relation to the forecasts 
in Fig. 3. It shows that for the forecast for the hours 
5-24, the forecast error for hour 20 is 1,800 MW; but in 
the updated forecast for hour 15-24, the forecast error 
for the same hour has decreased to 600 MW. If the 



Wind Power Balancing. Figure 3 

Actual power consumption = production in other than 
wind power plants ( blue solid line) and forecasts from time 
t = 5 ( red dashed line) and time t = 15 (black dotted line) 


power stations need a start-up time of 15 h, a reserve 
capacity of 1,800 MW is required at hour 5; but if 
5 h are sufficient for the start-up, the required reserve 
capacity is only 600 MW based on the forecast error at 
hour 15. 

In the following, the reserves are grouped according 
to how fast they are needed, which also is connected to 
the forecast certainty for the same time horizon. 

Reserve Categories Reserves can be divided into dif¬ 
ferent categories according to the time scale within 
which they are operating. There are different practices 
and terminology in different power systems, but gen¬ 
erally speaking there is first an instantaneous reserve 
that is maintained in power plants operating on-line 
and is activated automatically to correct for frequency 
fluctuations. These can be further divided to working at 
several time scales (from some seconds to a minute). 
Then there is a somewhat slower reserve that is acti¬ 
vated 10-15 min after the occurrence of frequency 
deviation from nominal frequency. It replaces the 
instantaneous reserve. This reserve consists mostly of 
rapidly starting gas turbine power plants, hydro 
(pump) storage plants, unloaded generation already 
online, and load shedding can also be used. 

There is wide agreement on the type of reserves that 
must be carried and the time frames that are relevant, 
but there is no universal agreement on nomenclature. 
Here the following terminology is adopted: 

• Contingency reserve (also called disturbance 

reserve): capacity that is online and synchronized 

to guard against unforeseen equipment failure. 



Wind Power Balancing. Figure 4 

Forecast errors from the first forecast for hour 5-24 ( red dashed line) and for the updated one for hour 15-24 

(l black dotted line). This corresponds to the production increase required within the respective time interval. At hour 5, 

there have to be reserves of 720 MW that can be started up within 6 h 
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The amount of contingency reserve is typically 
based on the largest potential source of failure, 
either the largest generator or tie line in the system. 
Contingency reserve is held independently of the 
variability of loads, and is typically shared among 
participants within the balancing area, reducing the 
overall contingency requirements for the individual 
entities. Some portion of the contingency reserve 
can be non-spinning, but must be capable of 
responding quickly if needed. This reserve includes 
both primary (automatic) and secondary/tertiary 
(manual) reserves. 

• Primary/secondary control (also called regulating 
reserve, response, instantaneous/momentary reserve, 
primary/secondary reserve): fast fluctuations in 
system load require fast generation response. 
Regulation consists of flexible generation that is 
responding with a speed/droop characteristic to fre¬ 
quency changes (primary control, timescale several 
seconds) or connected to automatic generation con¬ 
trol (AGC) systems trying to adjust the production 
to certain frequency targets (secondary control, 
timescale several seconds to minutes). The AGC 
will send control signals to the participating regulat¬ 
ing units as needed to offload used primary reserves 
so that the aggregate load is balanced with genera¬ 
tion. Units that provide primary/secondary reserve 
are usually run near the mid-point of the operating 
range. When a regulating unit is required to deviate 
from that preferred operating point for a longer 
period of time, adjustments are made to the units 
on economic dispatch so that the regulating unit can 
return to its mid-point operating setting. 

• Tertiary control (also called load-following reserve 
tertiary reserve, minute reserve): This consists of 
generation that may be called on to increase or 
decrease output over slower time frames than reg¬ 
ulating units. The units that are available for load 
following must be committed in advance, or capa¬ 
ble of quickly starting and synchronizing with the 
grid, typically within 10 min. Depending on the 
resource mix that is available to the power system 
operator, load-following reserve can be either spin¬ 
ning or non-spinning, or as is most common, will 
be a combination of both. Slow-start generation 
must be committed prior to becoming available 
for dispatch or to supply reserves. 


• Planning reserve (also called long-term reserve): 
This type of reserve covers not only operating 
requirements, but recognizes that not all of the 
installed capacity may be available when needed. 
Planning reserve is usually found to be in the 
range of 12-20% of peak load, depending on the 
system and the planning criteria in use at the locale 
in question. 

An example of how the reserves operate is illus¬ 
trated in Fig. 5. It shows the frequency of the system 
and activation of reserves as a function of time when 
a large power plant is disconnected from the power 
system. Activation of reserves divides the reserves into 
primary reserve (also called instantaneous or auto¬ 
matic reserve), secondary reserve (also called fast 
reserve) and long-term reserve (also called slow or 
tertiary reserve). Primary/secondary reserve is acti¬ 
vated automatically by frequency fluctuations. Ter¬ 
tiary reserve is activated manually or automatically in 
10-15 min after the occurrence of frequency deviation 
from nominal frequency. It replaces the primary 
reserve and it will be in operation until long-term 
reserves substitute it as seen from Fig. 5. The tertiary 
reserve consists of spinning reserve (hydro or thermal 
plants in part load operation) and standing reserve 
(rapidly starting gas turbine power plants and load 
shedding). 

It is fairly straightforward to determine contingency 
reserve required because the largest contingency is 
a known specific event. Primary/secondary/tertiary 
control performance and reserve allocation is more 
difficult to specify. It is not practical and it is not 
necessary for any single balancing area within an inter¬ 
connection to continuously perfectly match generation 
and load. For example, the Control Performance 
Standard 1 (CPS1) in the USA recognizes this and 
places an annual statistical limit on the 1-min product 
of balancing area imbalance and system frequency 
deviation. Note that this is a performance metric, not 
reserve requirement. A balancing authority must have 
“enough” reserves to meet the statistical performance 
standards, however much that is. 

The key aspect of load/frequency control on 
interconnected systems mainly addresses three time 
frames and these are generally considered as Primary 
Control (or governor response, designed to arrest 
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Wind Power Balancing. Figure 5 

Activation of power reserves and frequency of power system as a function of time when a large power plant is 
disconnected from the power system [2] 


frequency decay), Secondary Control (designed to reset 
the primary control response as well as to balance 
supply and demand) and Tertiary Control. 

Primary Control 

The primary control considers the capability of the 
system to meet sudden load and/or generation changes. 
The primary control is separate for each synchronous 
power system. A synchronous power system is a power 
system where all producers and consumers are 
connected to each other through transformers and 
AC transmission and distribution lines. Anything 
from a diesel generator set supplying a single load to 
a multinational grid as the Nordel system (which con¬ 
nect Norway, Sweden, Finland and the eastern part of 
Denmark), or the central European UCTE grid can 
constitute a synchronous grid. An AC line has to have 
the same electric frequency at both ends of the line. If 
there were different frequencies at the ends then the 
voltage angle shift would increase until it reaches 180°, 
resulting in unacceptable large currents on the line. The 
same is valid for transformers. The conclusion is that 
in a synchronous grid the average electric frequency 
must be the same. For short periods the frequency can 
be slightly different, but that will cause large power 
oscillations in the grid, which can result in serious 
disturbances. 


In a synchronous grid there has to be some kind of 

primary control. A short description of this type of 

control, cf. Fig. 1, is given here: 

• Assume that a power system is in balance, that is, 
electricity generation and consumption are equal. 

• At a certain time the consumption increases, while 
the generation remains the same. 

• There is rotational energy stored in all synchronous 
machines connected to the system, more exactly in 
the rotors and the connected turbine shafts. Since 
the generation and consumption always have to be 
in balance the load increase is compensated using 
the rotational energy, which causes the rotor speed 
to decrease in the synchronous machines. 

• In synchronous machines, there is a strong connec¬ 
tion between rotor speed and electric frequency. 
This means that all synchronous machines in 
a synchronous grid, in principle, rotate at the 
same speed. The reduced rotor speed therefore 
results in a frequency decrease in the grid. 

• In some power plants there is frequency sensitive 
equipment, which sends a signal so the generation 
increases when the frequency decreases. These 
power plants are referred to as primary controlled 
units. 

• As long as the frequency keeps falling the primary 
controlled units will increase their generation. 
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Finally, the balance between generation and con¬ 
sumption will be restored and the frequency will be 
stable again. It should be noted that the new stable 
frequency will be lower than the original frequency! 

In the description above it is assumed that it was 
a load increase that triggered the primary control. 
A corresponding course of events will come up if 
there is a failure in a generating unit - if a generating 
unit is stopped and the load is constant then the 
remaining units in the system will have to increase 
their generation. A load decrease and/or a generation 
increase also causes similar courses of events. The only 
difference is that the frequency is increasing, which 
results in generation decreases in some power plants. 

Permissible Frequency Range In each power system 
there is a nominal frequency - North and South 
America usually 60 Hz, whereas most of the remaining 
world uses 50 Hz - and it is not possible to allow too 
large deviations from the nominal frequency, because 
there is then a risk that important components in 
the power system are damaged. If, for example, the 
electric frequency would coincide with the harmonic 
oscillation frequency of turbine blades or shafts, then 
these power plants have to be shut down to avoid 
expensive repairs. Another problem is that generators 
and transformers are designed for the nominal fre¬ 
quency and a deviating frequency can cause heating 
of the windings, resulting in damages. Finally, there 
might be certain kinds of loads that do not work satis¬ 
factory if the frequency deviates too much from the 
nominal. 


Speed-Droop Characteristics As explained above 
there are some power plants which automatically adjust 
their generation whenever the frequency of the system 
changes. The speed-droop characteristic is a measure of 
how large the change in generation is for a certain 
change in frequency 

Definition The speed-droop characteristic, R, indi¬ 
cates how the generation in a power plant is changed 
when the frequency changes. It is measured in MW/Hz. 
If G 0 is the generation at nominal frequency, f 0 = 50 Hz, 
it holds that G = G 0 - R(f-f 0 ). 

The notion of speed-droop characteristics is illus¬ 
trated in Fig. 6. In practice it is often inconvenient to 
use the formula given in the definition. It is easier to 
just calculate how the changes in generation and fre¬ 
quency relate to each other: 

AG = R • A/. 

Then it is simple to conclude whether a certain 
change corresponds to an increase or a decrease; there 
must be a shortage of generation if the frequency is 
falling and therefore the primary control must result in 
an increase of generation, etc. 

When calculating frequency changes, it is necessary 
to also consider the reserves available in the pri¬ 
mary controlled power plants; it is impossible to 
increase the generation of a power plant operating at 
maximal capacity regardless of the speed-droop 
characteristic. This means that when primary control 
is considered, both the total speed droop and the 
total available primary reserves are to be defined. 
The total speed-droop is in, for example, the Nordic 
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The relation between frequency and generation in a power plant participating in the primary control 
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synchronous system divided between the different 
areas such as Sweden often keeps around 2,500 MW/ 
Hz, Norway 2,000 MW/Hz, Finland 1,250 MW/Hz, 
and Eastern Denmark 250 MW/Hz at nominal 
frequency, 50 Hz. This means a total speed droop of 
6,000 MW/Hz. This implies, for example, that a sudden 
outage in Sweden of 600 MW decreases the frequency 
with 0,1 Hz which causes a compensation of 250 MW 
in Sweden, 200 MW in Norway, 125 MW in Finland, 
and 25 MW in Eastern Denmark. This example illus¬ 
trates the important issue that when many regions or 
countries are interconnected, then an outage in one 
part of the system will affect the generation in other 
parts of the system, which means that margins also 
have to be kept on the transmission lines between the 
different parts. The overall aim of the primary control 
is to balance all sudden changes, so the same process is 
valid also for changes in, for example, load or wind 
power production. In some systems the contingency 
reserve will be activated at a lower frequency than the 
normal frequency range, to keep the two reserve cate¬ 
gories separate. 

Secondary and Tertiary Control 

The ability of the power system to maintain the balance 
between production and consumption starts from 
automatic frequency regulation of the primary regula¬ 
tion and continues with secondary and tertiary control. 
A consequence of primary regulation is that there still is 
a frequency deviation, even if the frequency drop or 
increase has been stopped. The use of primary regula¬ 
tion also means that reserve margins are utilized. 
A consequence is also that the transmission between 
different areas will change as shown above. Note that if 
you have a constant frequency - independent of 
whether it is 50.0 or 49.95 Hz - production and con¬ 
sumption are balanced, similar to the bicycle that 
moves at constant speed. However, the system is 
designed to operate within a range of 50 d=e Hz (e is 
often in the range 0.01-0.5 Hz); and outside these 
limits, there are smaller margins as part of the margins 
have already been used. If the frequency approaches the 
limits, it is desirable to move the system back to the 
middle of this range. The only way to do this is to start¬ 
up new power stations (or disconnect consumption) 
for frequencies that are below 50.0 Hz or disconnect 


power stations for frequencies above 50.0 Hz. This has 
to be done quite often, several times per hour, as 
consumption - and subsequently the frequency - varies 
continuously. 

Secondary Control is often under, so-called, auto¬ 
matic generator control, AGC, such that a control 
block/area that is in imbalance following a disturbance 
autonomously restores the frequency to the target fre¬ 
quency and the power interchanges with adjacent con¬ 
trol blocks to their preset levels. Thus, there is 
a continuous interaction of the primary and secondary 
regulation. Secondary control timescale of operation is 
several, for example, 5-10 min. 

The function of a control area is essential for the 
operation of a power system. The result of the AGC is 
often that all changes within the control area will within 
around 5-10 min be automatically balanced within the 
same control area. If the area contains, for instance, 
wind power and the wind power decreases with 
100 MW when consumption remains constant, then 
the AGC can control the other power stations in the 
same area so they automatically increase their produc¬ 
tion with 100 MW. It is of course technically necessary 
to increase the power production somewhere to com¬ 
pensate for the decreased wind power production. But 
if the control areas are very small, then margins have to 
be kept in each area and the balancing is automatically 
performed internally in each area although it may be 
a better economic solution to balance outside the con¬ 
trol area. The term balancing area can be used to define 
the areas which have a common balancing. Assume that 
there are two control areas, but one have an overall 
(manual) system that studies the economic operation 
of the system and changes the set value of the trans¬ 
mission between the areas (used for the AGC in each 
area) if this is to prefer for an economic operation of 
the two areas. In this example there are then two con¬ 
trol areas but only one balancing area. 

The Scandinavian Nordel system is not divided into 
control areas, although the size of the system is about 
a circle with the diameter of around 1,500 km. In this 
system there is no automatic AGC, but a system is 
implemented where all producers provide bids where 
they offer to increase or decrease their power produc¬ 
tion within 5-10 min for a certain cost. When an 
increase of power production is needed ^secondary- 
tertiary control) then the cheapest bid is accepted that 
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fulfils the transmission constraints. This means for 
instance that if wind power decrease in Eastern Den¬ 
mark is causing an imbalance for the system, then the 
decrease is first compensated with the primary control, 
and then the primary control could be replaced with an 
increase in Finnish hydro power 1,500 km away if they 
provide the lowest cost bid for their up-regulation and 
the transmission grid operators find it suitable to 
change the transmission in this way. In a congested 
transmission situation a bid which is closer to the 
imbalance source has to be accepted. 

Electricity Markets and Production Planning 

A power system always has to have a balance between 
production, G* and consumption, D z , that is, for 
a power system consisting of i load points in the trans¬ 
mission and distribution systems. 

Gi = Dj + losses 

i i 

This equation is valid independent of the length of 
the period, that is, if G* and D* are measured as MWh/h, 
MWs/s or MW. The aim of the market is to keep the 
continuous balance between production and con¬ 
sumption in an efficient and reliable way. First the 
general structure of operation planning will be 
presented. 

The planning (i.e., before a specific hour) and oper¬ 
ation (i.e., within the specific hour) of a power system 
can be illustrated as in Fig. 7. The overall aim of any 
market design is to obtain a reliable power supply and 
an efficient use of available resources. 

Failure to keep the electricity system running has 
serious and costly consequences, thus the reliability of 
the system has to be kept at a very high level. Security of 


supply needs to be maintained in both the short and 
the long term. This means maintaining both the flexi¬ 
bility and reserves necessary to keep the power system 
operating under a range of conditions, including peak 
load situations. These conditions include credible plant 
outages (disturbance reserves) as well as predictable 
and uncertain variations in load and in primary gener¬ 
ation resources, including wind (operational reserves). 
In the above presented general process, this means that 
in all stages A-E enough margins have to be taken into 
account in order to maintain the security. 

Foad following is performed partly beforehand 
(stage A-D) as scheduling and dispatch of power plants 
according to the load forecast and partly by operational 
reserves to balance the load forecast errors. Scheduling 
includes planning the start-ups and shut downs of 
slower power plants, called unit commitment, in the 
time scale of 3-12 h (stage C-D). Optimizing the use of 
the water stored in hydro power reservoirs, the hydro 
power plants take into account an even longer sched¬ 
uling horizon. The scheduling can be based on electric¬ 
ity market operation, where bids for production and 
bids for consumption based on forecasts are made. 
Figure 8 shows an example of the actual load in the 
power system over 3 h compared to hourly forecasted 
load, denoting forecast errors and short-term load 
deviations in the system. 

In addition to frequency control, the voltage level is 
managed to prevent under- and over-voltages in the 
power system and to minimize grid losses. Frequency is 
a wide area quantity. Measures can be taken anywhere 
in the system to maintain the balance, as long as trans¬ 
mission capacity is available. Voltage is a local quantity, 
and voltage management should be taken care of in the 
vicinity of imbalances. In order to manage the voltage 
level during disturbances, reactive reserves in power 
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Planning and operation of a power system 
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Wind Power Balancing. Figure 8 

Example of actual load in the system over 3 h compared to forecasted load 


plants are allocated to the system. These reserves are 
mainly used as primary reserves in order to guarantee 
that the voltage level of the power system remains stable 
during disturbances. Power plants and special equip¬ 
ment, for example, capacitors and reactors, control the 
reactive power. The voltage ratio of different voltage 
levels can be adjusted by tap-changers in power trans¬ 
formers. This requires a reactive power flow between 
different voltage levels. 

Seasonal/Yearly Planning 

Physical aim: This is especially important for a hydro- 
based system, where the aim of this planning is to 
decide how much water (in reservoirs and inflow) 
should be stored for future use. Too much water stored 
for months ahead, or next year could lead to future 
spillage, while too little stored water could lead to 
lack of energy which could cause water deficit in the 
future. In a thermal power system, the seasonal plan¬ 
ning includes scheduling and coordination of unit 
maintenance. 

Market process: In a hydro power system the tool for 
optimal storage is the water value which is an evalua¬ 
tion of the water for different reservoir levels and dif¬ 
ferent time periods. Different water value in different 
periods is an indication that it is profitable to change 
the storage plan. In a liberalized market each hydro- 
power company makes its own estimation of its water 
value and the result is used internally for planning and 


externally for trading. For thermal unit maintenance 
the aim is normally to schedule maintenance to low 
load periods. 

Weekly Planning 

Physical aim: The aim of this planning in a hydro sys¬ 
tem with reservoirs is to decide how the available water 
for the week in the specific region (available from 
inflow and storage where the use for the storage is 
planned in stage A) should be distributed between the 
days of the week. In a thermal power system there may 
be some planning concerning amount of staff needed 
for operation of units needed to supply forecasted load, 
cf. Fig. 2 where the nuclear power is downregulated 
during the weekend. 

Market process: The tool for optimal storage in 
a hydro system is also here the water value, which is 
estimated by each actor on the market. 

Daily Planning: Day-Ahead Market 

Physical aim: The aim of this planning is to decide for 
each plant how it should be operated, that is, how 
much power that should be produced in each power 
plant during each hour in the coming day. In a hydro 
power system the available water at different price 
levels for the whole day is a result from the weekly 
planning. In the planning, the consumption level, pro¬ 
duction in other sources, and transmission limits have 
to be considered. In a thermal power system there are 
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two parts: the unit commitment , which includes which 
units have to be on line for production and/or reserve 
keeping, and the economic scheduling , which includes 
the planned production level in each unit. 

Market process: In this description it is assumed that 
the day is divided into whole hours. This is the case in, 
for example, the Nordic power market, but there may 
also be other time steps as, for example, V 2 h. One 
challenging part is that the power plants have to be 
operated in an economical way at the same time as the 
transmission limits have to be considered. This is done 
slightly different in different systems, depending on if 
congestion management is handled with implicit auc¬ 
tion, explicit auction, counter trading, or another 
method [3]. The description below is based on implicit 
auction = market splitting which is used in the Nordic 
system. There are then four stages here: 

Cl. First the transmission limits for each hour and 
each bottleneck are decided. These limits are cal¬ 
culated by the organization responsible for the 
transmission system, for example, TSO:s. It is 
based on an assumed production and consump¬ 
tion level in each area or each node together with 
a dimensioning rule including the N-l criterion 
(= the system has to stand an outage even if the 
largest unit or the heaviest loaded transmission 
line fails) and margins considering uncertainties. 
The margins have to consider that the limits con¬ 
sider MW limits, but in stage C3, these limits are 
used as hourly limits considering MWh/h. This 
description is based as an assumption of the so- 
called market splitting method, also denoted 
implicit auction. There are other versions, for 
example, market coupling, but in any system 
there must be an interaction between transmis¬ 
sion operation and margins and plant scheduling. 
The more close in time the transmission and 
production scheduling are performed, the more 
economic efficient the whole system is operated. 
C2. The second stage in a liberalized market with 
several producers is the production/consumption 
bidding process where the aim is to put bids to 
a spot market (Nordpool in the Nordic market) 
concerning how much power in total could be 
produced during each hour in each company at 
which price. The bids concerning each hour have 


to be delivered the day before the real trading day. 
This is the day-ahead market: in Nordic system 
the bids have to be delivered before noon a certain 
day for all hours during the coming day. 

C3. The third stage is the calculation of which bids 
that should be accepted considering transmission 
limits between bidding areas (Nordic system is 
based on areas), or limits between nodes where 
a node-based system (based on DC load flow) is 
used. This means that as many cheap bids as 
possible from stage 2 are accepted regarding the 
transmission limits from stage 1. This calculation 
is made by the exchange (Nordpool in the Nordic 
market). 

C4. The fourth stage is the operation planning which 
is performed individually by the owners of the 
different production sources after the result of 
the bids. This means that the accepted amount 
of production bids for each hour have to be met 
with produced power in some way (combination 
of own production in each company and bilateral 
trade with other companies). This stage includes 
production planning with the physical aim as 
above. 

Intraday Market 

Physical aim: To get an economical operation of all 
power plants for each specific hour during the day. 
Here better forecasts for each hour can be used, since 
the decisions are taken closer to the hour. Especially in 
a power system with wind power, this phase is impor¬ 
tant since the 2-3 h wind power forecasts are much 
better than the 24 h forecasts. Any larger deviations to 
plans made previous day can be corrected in intraday 
market. 

Market process: It is performed after the spot market 
for each hour has been closed, that is, when the day- 
ahead planning is finished. This includes in the Nordic 
power market the Elbas Market and other bilateral 
trade. The main aim is to cover forecast errors 
concerning load levels, wind power production levels, 
production costs and/or outages for each hour. Bids on 
the Elbas market are distributed electronically and 
accepted when they are found economical (is there an 
English term for this kind of market?). There are the 
same stages here as concerning the daily market: 
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D1. The transmission limits for each bottleneck are set 
by transmission system operator. This means that 
they can be updated compared to what is previ¬ 
ously set for the daily market. 

D2. Bids concerning production in a certain area can 
be delivered. 

D3. For each geographical area only bids that can be 
used in that area (considering transmission limits 
and prescheduled trading) can be accepted. 

D4. When a bid is accepted, both the seller and buyer 
have to consider this in their planning. 

Hourly Operation 

Physical aim: Within each hour the system balance 
between production and consumption has to be kept 
continuously in an economical and reliable way, con¬ 
sidering production and transmission limits. 

Market process: Final schedules are given to the 
TSOs 30-90 min before the operating hour and the 
balancing after that is the responsibility of TSOs. This is 
to avoid cross regulation where each actor regulates 
their schedules as only the system net imbalances 
need to be regulated, resulting in a more efficient use 
of regulation capacity. The continuous balance is kept 
with primary control (frequency controlled power 
plants that keep enough margins for this), which is 
distributed between different power plants in different 
regions. Used primary reserves are off-loaded using 
secondary/tertiary reserves, which in the market mean 
acceptation of bids from the so-called regulating mar¬ 
ket, or balancing market. These bids can also be used 
for offloading of bottlenecks (if the amount of power 
flowing on lines between two areas is too close to 
physical limits) in order to keep enough margins also 
on these bottlenecks. There may also be an automatic 
system (Automatic Generation Control - AGC) which 
changes the production in some selected units in order 
to keep the balance and offload units activated by the 
primary control. The stages in the operation are: 

El. The transmission limits for each bottleneck are 
estimated by the transmission system operator. 
Here the MW limits (not MWh/h) are considered. 
E2. Bids concerning production increase and decrease 
in each area or in each node are delivered before 
each hour. 


E3. When bids are needed (for total system needs and/ 
or for offloading of bottlenecks) they are accepted 
by the operator. If an AGC system is active, then 
some power plants are activated automatically. 

E4. When a bid is accepted the company that put the 
bid has to activate it directly, or to be more spe¬ 
cific, start the procedure of activation. It may take 
several minutes until the full bid is activated. 

Post-trading 

Aim: The hour has now passed which means that the 
physical balance has already been kept, as described for 
step E above. But what happened in step E was that the 
system operator, for example, bought power from one 
producer to supply the system since some consumers 
that perhaps had a contract with another producer 
increased their consumption. The aim of the post¬ 
trading is to arrange economical balance so it matches 
the contracts on physical delivery on the market. 

Market process: This is mainly relevant in liberalized 
markets. The contracts for each actor must have been 
reported to the system operator. All actors connected to 
the grid must have a contract concerning the econom¬ 
ical responsibility for the production and/or consump¬ 
tion. This is denoted balance responsibility. If, for 
example, retailer R1 has a contract to deliver all 
power to consumer D1 (i.e., retailer R1 is balance 
responsible for consumer Dl) then this information 
has to be reported to the system operator. Then retailer 
R1 can write contracts concerning production with 
producer PI and P2. The aim of steps A-D for retailer 
R1 is then to try to buy the expected consumption of 
consumer Dl for hour h from producer PI and P2 or 
some other producers. These contracts then have to be 
reported to the system operator. The basic market tool, 
the balance responsibility ; means that there is an eco¬ 
nomic incentive for the market actors to keep an hourly 
balance between production and consumption. The 
physical intra-hour balance is kept by the system oper¬ 
ators. If, for example, R1 has not bought enough from 
PI or P2, then some other producer have delivered the 
power needed for Dl, and the post-trading then 
implies that R1 has to pay for this extra power. The 
post-trading, balance settlement, can have several rules. 
For example, there can be extra penalties for all devia¬ 
tions or then the imbalance pricing can reflect the real 
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cost for imbalances, as €/MWh, for each hour. Further¬ 
more, even following a price signal from the balancing 
market, the imbalance pricing can be a one-price sys¬ 
tem or two-price system. In one-price system there is 
a cost for those that have been causing the imbalance 
with a deviation to the same direction up/down as 
balancing market demand and a revenue for those 
that have had their deviation to the opposite side. In 
two-price system, the producers get the spot price 
during the hours when the deviation has been to the 
opposite side of system imbalance (balancing market 
demand) and the balancing price is only used when the 
deviation is to the same side as balancing market 
demand. 

It can be noted that all the steps above, Planning, 
A-D, and real-time operation, E, also exist in not 
liberalized markets, but step F is mainly interesting 
when there are several actors, which is not the case in 
many vertically integrated markets. 

How Wind Power Changes the Balancing 
of Systems 

The varying production patterns of wind generation 
changes the scheduling and unit commitment of the 
other production plants and use of transmission 
between regions. These changes will be made according 
to wind power production forecasts 2-40 h ahead and 
either losses or benefits are introduced to the system, 
compared with the situation without wind. Most of the 
energy produced by wind power will impact the sched¬ 
uling process, but there is a crucial impact on the 
operating reserves as well. Depending on the prediction 
accuracy, parts of the wind power production varia¬ 
tions remain unpredicted or are predicted incorrectly, 
and there will also remain subhourly changes in output. 
This is what has to be handled by load following reserve 
or the balancing market. 

When speaking about the impacts of wind, it is 
important to know just how variable and predictable 
the resource is. Wind power production is character¬ 
ized by variations on all time scales: seconds, minutes, 
hours, days, months and years. Predictability increases 
in shorter time scales, but even the short-term varia¬ 
tions are to some extent unpredictable. There are 
means to reduce the variability of wind power produc¬ 
tion. Staggered starts and stops from full power as well 


as reduced (positive) ramp rates can reduce the most 
extreme fluctuations, in both magnitude and fre¬ 
quency, over short time scales [4]. This reduction is at 
the expense of production losses, so any frequent use of 
these options should be weighed against other mea¬ 
sures (in other production units) in cost effectiveness. 

Power systems usually cover larger areas. It is then 
relevant to look at the aggregated wind power produc¬ 
tion from the whole system or balancing area. Large 
geographical spreading of installed wind power will 
reduce the variability and increase the predictability 
of the aggregate wind power production. The variabil¬ 
ity and predictability can differ in different regions of 
the world. When assessing the amount of variability it 
is also important to know how concentrated or distrib¬ 
uted the wind power is built in the power system area. 

To estimate the impact of wind power on power 
system balancing, it has to be studied on a power sys¬ 
tem or balancing area basis. Every change in wind 
output does not need to be matched one-for-one by 
a change in another generating unit moving in the 
opposite direction. Rather, it is the total system aggre¬ 
gation of the variations in all loads and generators that 
has to be balanced. The relative increase in system 
fluctuations due to wind power depends on the wind 
penetration level - what portion of consumption is 
covered by wind power production. Also, each system 
is different: the levels of load variability, as well as the 
flexibility in the system, differ from region to region 
and from country to country. This means that even for 
systems with the same wind penetration level the chal¬ 
lenge of wind integration and any costs related to that 
will be different [5, 6]. 

Also the operational routines of the power system 
are relevant - how often the forecasts of load and wind 
are updated, for example. If a re-dispatch based on 
forecast update is done in 4-6 h, this would lower the 
costs of integrating wind compared with scheduling 
based on only day-ahead forecasts. Emerging intraday 
markets reflect this, giving the opportunity for hourly 
updates. The costs will depend on the marginal costs 
for providing regulation or mitigation methods used in 
the power system as well as on the market rules. The 
way the power system is operated regarding the time 
lapse between forecast schedules and delivery will 
impact the degree of uncertainty wind power will 
bring about. 
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There are already several power systems and control 
areas coping with large amounts of wind power [7]. 
The experience from Denmark, Spain, Portugal and 
Ireland that have integrated 9-20% of wind energy 
(of yearly electricity demand) show that wind power 
production will only have to be curtailed at some rare 
instances, and that TSOs need on-line information of 
both the production and demand levels as well as 
respective forecasts in their control rooms. Spain and 
Portugal have launched centers for distributed energy 
that convey data to TSOs and even can react to control 
needs [8]. 

How Variable and Uncertain is Wind Power 
Production? 

When estimating the system impacts of wind power, it 
is crucial to describe the variability and uncertainty of 
wind power in the right way for the aggregated wind 
power production of the relevant area. Relevant ques¬ 
tions are: how much is the variability on average and in 
extreme situations? How much are the forecast errors 
for different times ahead, on average and in extreme 
situation? As there is considerable smoothing effect 
when combining the output of individual turbines 
and wind farms, especially in the minute and hourly 
time scale, it is important to know how large the area in 
question is and how dispersed or concentrated the 
wind power capacity will be distributed in the area. 


Variability of Distributed Wind Power Production 

The variability of wind has been widely studied. 
Recently also measured large-scale wind power pro¬ 
duction data has become available to give insight on 
the variability that is relevant for power system opera¬ 
tion (Fig. 9). In-depth information about the variabil¬ 
ity can be found in [9-15]. 

Generally, the variability of wind decreases as there 
are more turbines and wind power plants distributed 
over the area. Larger areas also decrease the number of 
hours of zero output - one wind power plant can have 
zero output for more than 1,000 h during a year, 
whereas the output of aggregated wind power in 
a very large area is always above 0 (Fig. 10). The vari¬ 
ability also decreases as the time scale decreases - the 
second and minute variability of large-scale wind 
power is generally small, whereas the variability over 
several hours can be large even for distributed wind 
power. For time scales from several hours to day ahead, 
forecasting of wind power production is crucial. 

Even if some general conclusions can be drawn 
from the variability of large-scale wind power, however, 
it should be noted that the size of the area and the way 
wind power plants are distributed is crucial. Also, the 
landscape can have influence. Offshore, the wind 
resource has been found to be more coherent, thus 
increasing the variability compared to similarly distrib¬ 
uted wind power onshore. For power system operation, 
it is important to know how often there are higher 


West Denmark January 3-23, 2005 



Wind Power Balancing. Figure 9 

Wind power production (2,400 MW wind power) and load in Western Denmark. The worst storm event so far, of 8th 
January 2005, can be seen in hours 128-139 (Data source http://www.energinet.dk) 
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Wind Power Balancing. Figure 10 

Wind power production and hourly variability as duration curves showing the smoothing effect from a larger area 
aggregated wind power [11] 


variations in output, and also an estimation of the 
extreme event is important. For large-scale wind 
power where there are a high number of individual 
turbines and wind farms, the intermittency that may 
be seen in a single turbine output will become a more 
smooth variability visible in the hourly time scale. 

General findings on large-scale variability can be 
summarized as [16]: 

Very fast variations of distributed wind power are 
low (second-minute level). Even for a single wind 
power plant, the standard deviation of 1 s variations 
is only 0.1% of installed capacity. The 1 min variations 
(step changes) has the standard deviation from 2.1% to 


0.6% of nominal capacity for a smaller and larger 
(250 turbines) wind farm [12]. There is increase in 
variability from the 10 min to the hourly time scale. 
The hourly variations do not smooth out very much 
inside one wind power plant. 

The largest hourly step changes recorded from 
regional distributed wind power range from ±10% to 
±35% depending on region size and how dispersed 
the wind power plants are. These are extreme values. 
Most of the time the hourly variations will be 
within ±5% of installed capacity [8]. The German 
example illustrates this: wind power changes are inside 
±1% of the installed power 84% of time for 15 min 
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intervals and 70% of the time for 1 h time intervals 
(Fig. 11) [17]. 

Storm events can cause the most dramatic ramps - 
in West Denmark, for example, 80% of wind power 
production was lost during 6 h when wind speeds 
exceeded the cut-out limit of the turbines. Developing 
the forecasts for storm events is important. 

For large offshore wind power plants ramp rates can 
be more dramatic and this should be taken into 
account if most of the wind power capacity in the 
region is concentrated on one offshore site. 

Forecast Errors of Distributed Wind Power Produc¬ 
tion The short-term forecasting of wind power pro¬ 
duction is still a recent power system tool when 
compared to load forecasting. For wind power, the 
level of accuracy will not be as high as for load. 
The experience so far shows that the overall shape of 
the production can be predicted most of the time. 
However, large deviations can occur both in the level 
and in the timing of the winds [18, 19]. For power 
system operation, it is also relevant to know the uncer¬ 
tainty of the forecast. At times of low uncertainty, there 
is not so much need for short-term reserve allocation 
and at times of high uncertainty reserve allocation and 


potentially also measures of controlling wind power 
output can be used in system operation. 

Level of accuracy improves when combining pre¬ 
dictions for larger areas. For a single wind power plant 
the mean error for day-ahead forecasts is between 10% 
and 20% (as root-mean-square-error RMSE, % of 
nominal capacity). For a single balancing area this 
error will be below 10%. The latest results from West 
Denmark day-ahead forecasts show an average predic¬ 
tion error MAE (mean absolute error) of 6.0% of 
installed capacity, as an RMSE (root-mean-square- 
error) the error is 8.9%. In these numbers the relative 
forecast errors are to nominal capacity of wind power. 
When looking at the relative errors to average power 
(which give errors in terms of energy) the 6.0% for 
West Denmark corresponds to an error of 24% of yearly 
energy. The forecasts refer to day ahead, that is, 
t + 13 ... t + 37 h and are based on a wind power 
capacity of 1,512 MW [8]. 

Further reductions can be expected from combin¬ 
ing different forecasting models: The first results from 
Germany show the best model performing at 5.1% 
RMSE, a “simple” combination 4.2% and “intelligent” 
combination 3.9% [20]. An important issue is that 
when wind power is spread over large areas, the actual 



Wind Power Balancing. Figure 11 

Short-term changes within an hour of total wind power production [17]. A positive value reflects an increase in power and 
a negative value a decrease 
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production of other wind power plants in the up-wind 
direction can be used as one input for the forecast of 
the production in other wind power plants and thus for 
example a storm front crossing an area can be better 
forecasted some hours in advance. 

While the total balancing energy needed for the 
integration of wind power stems from the mean fore¬ 
cast error, the need for reserve power is closely 
connected to the largest forecast errors, that is, the tail 
in the probability density function (pdf) of forecast 
errors. Large wind power forecast errors are mainly 
caused by errors in the underlying weather prediction. 
Due to the chaotic nature of the weather, the pdf of the 
forecast error is not Gaussian [20]. Figure 12 shows as 
an example the probability density distribution of 
errors for a day-ahead wind power forecast for 
Germany; also shown is a fitted Gaussian distribution. 
It can be seen that large errors occur much more 
frequently than expected by a Gaussian distribution, 
causing a need for large reserve power in comparison to 
the balancing energy. 

Main Challenges for Balancing for Power System 
Integrating Wind Power 

There are several challenges regarding the handling 
of large amounts of wind power in power systems. 
The overall general challenge is to maintain a con¬ 
tinuous balance, in an economical and reliable way 



Wind power forecast error [MW] 


Wind Power Balancing. Figure 12 

Probability density distribution of errors for the day-ahead 
wind power forecast for Germany; also shown is a fitted 
Gaussian distribution [21] 


with minimum environmental effects. Within this 
context, there are two important special cases that are 
often discussed: low wind and high load situation and 
high wind in low load situation. The main challenge Cl 
and the two important special cases C2-C3 are 
described as following: 

Cl. Handling the continuous balancing. The challenge 
for the continuous balancing process is that con¬ 
trollable production and consumption have to 
maintain the balance on all time scales. With 
larger amounts of wind power, there is a larger 
uncertainty because wind power forecasts are not 
as exact as the corresponding power consumption 
forecasts. For economic calculations the efficiency 
of power stations operating on part-load in order 
to compensate changes in production levels has to 
be taken into account. The continuous balancing 
process applies to both the technical capacity 
available for increasing other generation when 
the net load increases (wind power will make 
this harder if it decreases while the consumption 
is increasing) and for decreasing other generation 
in an economically feasible way when the net load 
decreases (wind power will make this harder dur¬ 
ing the instants when wind power increases while 
consumption is decreasing). This issue is further 
explained in the subsequent part of this section. 
C2. Low wind and high load. Situations with high 
power consumption are the basis for dimension¬ 
ing the power generation capacity that has to be 
installed in a power system, often called as “capac¬ 
ity adequacy issue.” This challenging situation 
occurs comparatively seldom; every 5-10 years 
electricity consumption is very high. And power 
consumption may be high in the neighboring 
countries/regions, too, which reduces the possi¬ 
bilities of importing power. With large-scale wind 
power, this situation will persist, but not only on 
a consumption level, but also regarding variable 
wind power production. Looking at past situa¬ 
tions of high power consumption in Sweden and 
Finland [22], there are situations both with high 
wind power production and with small amounts 
of wind power. When dimensioning the power 
system, wind power production both in the 
balancing area and in its neighboring areas have 
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to be taken into account regarding high power 
consumption levels. There is no power station 
with a 100% certain availability during times of 
high power consumption. Similarly to the fact 
that there is no guarantee that a thermal power 
station will work exactly at the time when power 
consumption peaks, you cannot assume that there 
are strong winds when power consumption is 
high. In order to arrive at an assessment whether 
the number of other power stations can be 
reduced due to wind power plants, the capacity 
value of wind power has to be estimated. This is 
done exactly the same way it is done for all other 
types of power stations, independent of whether 
they are wind, coal-fired, nuclear or hydro-power 
stations. The capacity value of wind power is often 
in the order of 10-20% of the installed wind 
power capacity. This issue is further discussed in 
chapter Wind Power: Economy, Market, Subsi¬ 
dies, Payment Mechanisms, and Capacity Credit. 

C3. High wind power and low load. If you add large 
amounts of wind power to a certain area without 
changing anything else, this may result in very low 
prices and/or that not all wind power can be used 
and/or that thermal power stations often are used 
at low efficiency and/or that water has to be 
spilled past the turbines. If such situations occur 
often, it becomes economically beneficial to 

(a) increase transmission capacity from the area, 

(b) invest in pump storage in rivers (low price for 
pumping up to higher reservoirs and the water 
can be used when prices are higher), (c) have a 
flexible power consumption (e.g., power storage in 
district heating or charge electric vehicles during 
such situations), (d) further develop the low load 
production possibilities of other power plants. 
Some power plants cannot operate at lower than, 
for example, 60% of rated capacity but have to shut 
down. This is one example that Denmark has done 
to ease the wind power integration - decreasing the 
lowest possible generation level of thermal plants 
to be able to stay on line (and produce ancillary 
services). The key point here is that an appropriate 
dimensioning is an economic issue as low prices 
promote investment in suggestions (a)-(d); at the 
same time, large investments will increase electric¬ 
ity prices. It is difficult to actually dimension the 


system “correctly” as lead times for investments 
cause an uncertainty regarding the investment 
planning. The “correct” dimensioning means in 
the practice that further investment (pump stor¬ 
age, transmission system, flexible power consump¬ 
tion) has a higher cost than the value it adds. It is 
important to remember that even a “correctly” 
dimensioned power system may include spill as it 
is not rational to dimension a power system with¬ 
out any spill. The conclusion is that - independent 
of whether the dimensioning is “correct” or not - it 
is very valuable that there is flexibility in both 
production and consumption, for example, that 
other production than wind power can produce 
at the lowest level possible. 

How Wind Changes the Load Following on 
a Day-Ahead Time Scale 

The scheduling process in power systems are made 
usually day ahead, as described in the previous section. 
Wind power forecasts are used in this process, in 
a similar way as load forecasts. The varying production 
patterns of wind generation changes the scheduling 
and unit commitment of the other production plants 
and use of transmission between regions. Either losses 
or benefits are introduced to the system, compared 
with the situation without wind. Most of the energy 
produced by wind power will impact the scheduling 
process, but there is a significant impact on the oper¬ 
ating reserves as well, as the forecast errors of wind 
power can be large. 

As there can be a large difference on the wind power 
production levels in daily time scale, there will be 
a large impact on how the conventional power plants 
are run in a power system with more than 10% wind 
power penetration (of yearly energy). Low wind and 
high wind days can mean a difference on conventional 
power production almost as much as the installed 
capacity of wind power. This is illustrated in Fig. 13 
by the West Denmark data from January, 2005 (wind 
penetration is about 24% of total gross demand and 
installed wind power capacity about 2,400 MW). 

Large variations in wind power output can result in 
operating conventional power plants less efficiently. 
Optimized unit commitment, that is, planning the 
starts and shutdowns of slow-start units, is more 
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West Denmark January 3-16, 2005 



25 49 73 97 121 145 169 193 217 241 265 289 
hour 


Wind Power Balancing. Figure 13 

There will be a large impact of wind power on how the conventional power plants are run with a high wind penetration 
level (2 weeks from West Denmark, where wind power produces 24% of yearly electrical energy). Net load is electricity 
consumption (load) minus wind power generation 


complicated when the variable and uncertain output 
from wind power is included. There will be more part 
load operation of conventional power plants. Start-ups 
and shut-downs of conventional power plants may also 
increase, especially to make room for the difference of 
low wind and high wind days. At higher penetration 
levels it has been noted that start-ups will decrease and 
more and more part-load operation at low levels is seen 
instead of shutting them down [11]. 

An important issue is also that the wind power 
forecasts are not perfect. This is illustrated in Fig. 14, 
where a real forecast is shown together with the real 
outcome. 

It must though be noted that the large deviation 
considers a 24-32 h forecast since the drawn forecast is 
performed the day before at 11.00. For the actual 
scheduling of all hours, the flexibility of the existing 
system is essential. If, for example, all units can start up 
in 6 h, then the actual operation of the power plants in 
hour 13 can be planned at hour 7 which is illustrated 
with a circle in Fig. 11. This means that the 26 h forecast 
can be replaced with a 6 h forecast which is normally 
significantly better. 

When wind power is added to the system, increase 
in costs due to increase in losses (increased operation in 
reduced efficiency) and wear and tear can be seen. This 
is however a moderate extra cost at least with penetra¬ 
tion levels of 10-20% of wind power in the system. 



Wind Power Balancing. Figure 14 

Forecast, real production, and deviation for a day with 
large forecast error in the West Danish system 

If wind power production exceeds the amount that 
can be absorbed while maintaining adequate reserve 
and dynamic control of the system, a part of the wind 
energy produced may need to be cut off (curtailed/ 
spilled). It can though be noted that if 1% of wind 
power is spilled, then this increases the cost of the 
wind power with 1%. For a significant impact on the 
cost of wind power, the spillage has to be high. It can be 
noted that for, for example, hydro power investments, 
it is common to accept spillage in different situations, 
since this is found to be an economic solution. 
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For efficiency of production, the interest is on how 
the conventional capacity is run and how the variations 
and prediction errors of wind power change the unit 
commitment: both the time of operation and the way 
the units are operated (ramp rates, partial operation, 
starts/stops). These effects are in most cases analyzed by 
making simulations of system operation. In simulation 
models the reserve requirement is often taken into 
account, too, based on a simple rule how much reserves 
of moving up and down needs to be allocated to gen¬ 
eration units in the simulation. 

Wind power may influence the hydro power reser¬ 
voir contents and reservoir management. When the 
wind production is large compared to the reservoir 
size in the area, there is a clear effect on reservoir 
management [11]. Wind power may also influence 
the losses of hydro power production. For example, 
a large wind power production in the spring flood 
time can result in the loss of some hydro production. 

The impact of wind power on the power transmis¬ 
sion depends on the location of wind power plants 
relative to the load, and the correlation between wind 
power production and load consumption. Wind power, 
like any load or generation, affects the power flow in the 
network and may even change the power flow direction 
in parts of the network. The changes in use of the power 
lines can bring about power losses or benefits. Increas¬ 
ing wind power production can affect bottleneck 
situations. 

Modeling Wind Power in Dispatch The simulation 
results give insight into the technical impacts that wind 
power has, and also the (technical) costs involved. 
Analyses on how current market mechanisms affect 
wind power producers is also important. For wind 
power impact on the operation of power systems, 
modeling on an hourly level would be needed to catch 
the variability of wind. The models used in integration 
studies are often not specifically designed for dealing 
with high shares of wind power. 

There are two critical challenges in energy system 
simulations: how the export possibilities to areas out¬ 
side the simulated region are taken into account and 
how the wind power uncertainty at different time scales 
is taken into account in the model. 

The effects of wind power on a power system are 
spread over the total control area (synchronously 


operated area), balancing area or electricity market, 
with constraints on transmission capacities between 
the areas. Effects of wind power are first seen as an 
increase in exchange of electricity between the areas. 
The results will, however, show only increase in trans¬ 
mission unless boundary conditions are set, to be able 
to see the limits to the transfer of wind power variabil¬ 
ity to the neighboring areas. Contingencies, which have 
an impact on dynamic phenomena in the time scale of 
seconds, cannot be modeled with an hourly time scale 
model. Due to this, the low transmission possibility 
scenario is often used, and this can underestimate the 
exchange possibilities during most of the time. 

In real life some corrections to schedules after day 
ahead are possible. Developing methods of incorporat¬ 
ing wind power uncertainties into existing planning 
tools and models is of crucial importance. Modeling 
the effect of prediction errors is complicated by the 
uncertainties to different time scales of unit commit¬ 
ment (starting and shutting down slow thermal units) 
and dispatch (production levels of thermal units). 
Problems can also emerge from the simulation logic 
in itself: optimization of the system can be fundamen¬ 
tally different if taking into account the different nature 
of wind power production. Also, regulation require¬ 
ments are often not modeled directly, but based on 
years of operating experience, so the effect of wind 
power cannot be modeled either [23]. Electricity mar¬ 
ket interactions and price levels should also be looked 
at when simulating wind power in the system. 

Also the simulation case set up and comparison, to 
catch the effects of wind power, is of importance. Usu¬ 
ally wind is added to the system and any effects are 
analyzed comparing the production and costs of the 
system with and without wind. For assessing the cost of 
variability of wind, the comparison can be made by 
adding wind as a flat production block over 24 h, or 
with a foreseeable diurnal pattern. 

Which Power Production Will Wind Power Replace? 

As has been explained above, production and consump¬ 
tion always balance. This means that all power that is fed 
into the power system at some point will always be used. 
If a wind power plant produces power, the need for other 
power production decreases accordingly. For each kilo¬ 
watt hour of wind power, 1 kWh less is needed from 
another power plant (if the losses remain the same). 
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The question is which power stations will be 
replaced. Both in regulated and deregulated electricity 
systems, the use of the production form with highest 
marginal cost will be lowered by wind energy. But this 
may be different during different hours of the year. For 
most systems with some coal fired production plants, it 
is mostly coal power production that will be replaced 
by wind power. This is true when wind energy provides 
a minor amount of the total electricity consumption. 
This is also valid for large amounts of wind, for the 
countries where electricity production is based on coal. 
For other conditions, wind energy may replace gas 
fired production (with lower C0 2 emissions), or even 
C0 2 free production forms such as hydro, biomass 
or nuclear power. Even if the hydro production is 
reduced by wind energy, the hydro power stored in 
the reservoirs maybe used later, possibly reducing fossil 
fuel fired production. Interconnected systems can 
also respond in such a way that wind power is partly 
replacing coal fired production in a neighboring 
country [11]. 

The exact result depends on the amount of wind 
power in the power system, and on the amount and 
costs of coal and gas fired production in the system. 

In the following, some reasoning regarding the dif¬ 
ferent power generation types and their role in power 
systems with large-scale wind power is provided: 

Hydro-power : When wind power increases, it is 
often reasonable to decrease hydro-power production 
as it is comparatively easy to control. In practice, the 
amount of water passing through the power station is 
reduced and the water is stored in the dam instead. You 
have to keep in mind, though, that there will be more 
water in the reservoir that can be used later. In princi¬ 
ple, you can say that for each kilowatt hour of wind 
power, it is possible to store 1 kWh of hydro-power in 
the dam. That means that wind power does not replace 
hydro-power, but shifts hydro-power production 
between hours. The amount of energy that hydro- 
power produces is mainly dependent on how much it 
rains. It is important, though, to remember that this 
only describes the general issue. There are many impor¬ 
tant details that have to be taken into account for an 
exact assessment of the opportunities. These include: 

• During spring flood, the storage capacity of the 

dams may be limited. 


• Different dropping heights and storage levels result 
in different efficiencies of hydro-power stations, 
that is, different amounts of energy per cubic 
meter of water. 

• Forecast security requires certain margins as water 
that is dropped through the turbine of a power 
station will take, for instance, an hour to arrive at 
the next reservoir, and the conditions may have 
already changed by then. 

• Water legislation sets clear limits to how reservoirs 
may be filled/emptied and how the plants may be 
operated. Similarly, power companies may even 
have self-imposed restrictions, that is, they do not 
make full use of the water legislation as this would 
lead, for instance, to inconveniences for local resi¬ 
dents or tourists. 

• It is a combination of water inflow, physical control 
options and water legislation that limits the control 
options in hydro-power stations. 

Nuclear power: Nuclear power has an operating 
cost (cent per kilowatt hour) that is almost always 
lower than the electricity price. Therefore, they always 
try to produce as much as possible in these power 
stations. If wind power production increases, there 
are other power stations than nuclear that will decrease 
production instead. Nuclear generation can be reduced 
at times when there is a limited export options to 
countries with more expensive power production and 
in a situation where there is high wind power produc¬ 
tion and low load and all other generation is already 
cut-off. Nuclear power plants often have their yearly 
maintenance scheduled at times of spring floods when 
reduction of hydro power generation would result 
in spillage. 

Coal/gas/oil power: There is coal power in the Scan¬ 
dinavian and Northern European power system that 
can be replaced by other power production. If it rains 
heavily in Sweden and/or there is a lot of wind power, it 
is mainly coal power that will reduce production in 
these countries because Sweden either exports power 
to these countries or reduces imports. The reason for 
reducing just coal power is that it has most often the 
highest operating costs. Sometimes, there are also other 
power stations, such as gas or oil-fired power plants, 
with operating costs that are even higher than that of 
coal power; and consequently, their production will be 
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decreased instead. It should be added that the green 
certificate trading leads to a situation where coal power 
prices increase the most (most carbon dioxide per kWh 
of produced power) which results in an increased inter¬ 
est in reducing just that production. One special case is 
combined heat and power production (CHP) where 
heat demand is setting the level of electricity produc¬ 
tion from the plants. However, in many cases there is 
a heat storage and thus also the electricity generation 
from these plants can technically be operated in 
a flexible way. 

Conclusions: Wind power production results in that 
other power stations are operated at a lower capacity in 
comparison to a situation without wind power. If there 
are large amounts of hydro-power, then wind power 
will lead to the rescheduling of hydro-power to later 
points in time. Therefore wind power production at 
one point in time can indirectly lead to a reduced 
thermal power production at a later point in time. 
Wind power production mainly results in a reduced 
production in coal-fired power plants either in the area 
or in the neighboring areas. That requires a sufficient 
transmission capacity to countries with coal power, 
though, and that the actual pricing makes coal 
power the power with the highest operating costs. 

How Wind Impacts the Balancing During the 
Operating Hour, Operating Reserves 

Depending on the prediction accuracy, parts of the 
wind power production variations remain unpredicted 
or are predicted incorrectly, and there will also remain 
subhourly changes in output. This is what has to be 
handled by load following reserve or the balancing 
market. 

During the hour of operation, the balance is first 
secured by means of primary reserve (automatic fre¬ 
quency control). In the event of major frequency 
deviation, the TSOs adjust the production or the con¬ 
sumption manually, using secondary/tertiary reserve. 
The reserve can be allocated by contracts between some 
producers (and consumers) and system operators or 
through a common regulating power market, where 
the players submit their bids for upward and downward 
regulation of production or consumption. 

To estimate the impact of wind power on power 
system operating reserves, it has to be studied on 


a control area basis. Every change in wind output 
does not need to be matched one-for-one by a change 
in another generating unit moving in the opposite 
direction. It is the total system aggregation, from all 
production units and consumption, which has to be 
balanced. A producer with flexible production could in 
principle counteract changes in its own wind power 
production also during the operational hour. Self regula¬ 
tion is discouraged, however, as it is more cost effective 
for both the system and the individual players to bid all 
regulating power to a joint pool for the system operator 
to use the cheapest options first. Otherwise there is a risk 
that, for example, wind power changes for one actor that 
physically are balanced out by changes in other wind 
power stations owned by another actor instead are 
balanced by each actor, which is not rational. 

The increase in short-term reserve requirement is 
mostly estimated by statistical methods combining the 
variability or forecast errors of wind power to that of 
load and investigating the increase in the largest varia¬ 
tions seen by the system [6]. Usually margins for “pos¬ 
sible” extreme situations are kept. The term “possible” 
then normally includes a certain percentage of what in 
reality could happen. A straightforward method to 
define “possible” is the commonly used “N - 1 crite¬ 
rion,” that is, it is necessary to keep reserves for an 
outage of the largest production unit or interconnector, 
which could be a challenge during both, import and 
export situations. This is a common dimensioning 
criterion for disturbance (contingency) reserve. In 
addition to that, some operational reserve is carried 
on top of that to cover variability and forecast errors, 
but there are no commonly used criteria to dimension 
this part of reserve. Some TSOs begin to use probabi¬ 
listic approaches to define a suitable level of reserves. 

Although wind power plants can at times create 
large “ramps” (i.e., large swings in production level), 
at current wind penetrations in most parts of the world 
these are not big enough or fast enough to be consid¬ 
ered contingency events [5, 24]. 

Primary control is performed on a time scale of 
seconds/min. On this time scale, variations are already 
smoothed by different gusts for the individual turbines, 
inertia of the large rotors as well as variable speed 
turbines absorbing the variations, and there is no cor¬ 
relation between the variations of geographically dis¬ 
persed wind farms. This is why the effect of wind power 
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on the system operation in the primary control time 
scale is very small even at considerable penetration 
[9, 25, 26]. 

For operational reserves, the unforeseen variations 
induced from wind power are relevant on the time scale 
of 10 min -1 h, where impacts of wind power can be 
clearly seen. 

Methods to Estimate Allocation of Reserves Effects 
of wind power on reserve requirements, on a time scale 
of minutes, are often estimated based on statistical 
methods. The statistical approach for estimating the 
increase in reserve requirements is based on looking 
at the variability as a probability density. Combining 
the variability of wind with load variations, and 
looking at the increase in the net load variations is 
often referred to as the “3cr method” [27, 28]. This 
means that three times the standard deviation can be 
taken as a confidence level for how much of the varia¬ 
tions should be covered by reserves (values of 2-7 have 
been used instead of 3; [6]). 

It is of central importance to separate need of flex¬ 
ibility in longer time scales of several hours to a day 
(power plants that can follow net load variation) and 
need of reserves that can be activated in seconds or 
minutes time scale (power plants that can follow 
unforecasted net load variations). To illustrate the 
need of flexibility, Fig. 15 shows the needed power 
increase divided in scheduled production and reserves. 

3 Sigma Methodology A widely used method for 
estimating the incremental increase of variability that 
the power system must balance when adding wind 
power is the consideration of the difference between 
the distribution of variations before and after wind 
power. As an estimate of the increase in variability, 
the standard deviation (a) of the distribution can be 
used as a confidence level. Even if this is not the method 
by which the operating reserves are allocated in real 
power systems, this method is fairly easy to use and 
produces a value that is related to the degree by which 
wind power increases the variability in the power 
system [29]. 

Also the risk of forced outages can be included 
when estimating the increase in reserve requirements, 
which means combining the uncertainty of load, wind 
and other production. Because of spatial variations of 



Wind Power Balancing. Figure 15 

Flexibility in the power system to follow varying load and 
wind power production (the net load) consists of 
scheduled production and reserves. The need of flexibility 
is not the same as need of reserves, since a part of the net 
load variation can be forecasted 

wind from turbine to turbine in a wind plant - and to 
a greater degree from plant to plant - a sudden loss of 
all wind power on a system simultaneously due to a loss 
of wind is not a dimensioning event. This is an impor¬ 
tant consideration for first contingency evaluation 
(disturbance/contingency reserves). 

The reserve issue can be approached by noting that 
the system operator must balance the aggregate loads 
and generation. It is then possible to study the variabil¬ 
ity of load and wind power with time series of varia¬ 
tions of wind power (P) and load (L): 
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where i denotes the hour (from 2 to 8,760 in 1 non-leap 
year). The increase of variability that wind power 
brings to the power system can be seen when compar¬ 
ing their combination (net load) with the original load 
time series. Net load is the load minus the wind power 
production for each hour. The net load hourly varia¬ 
tions are calculated like the hourly variations (1), but 
now for the net load time series (NL), where wind 
power production is subtracted from load: 

A NLi =NLj - NLi-i = (.U - P { ) 

— (Li-i — Pi~i) = AU — APi P ' 

In Fig. 16, the amount of hourly variations that the 
system sees is depicted showing 1 year of data in 
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Wind Power Balancing. Figure 16 

Duration curves of annual load variations without wind power and net load variations with wind power. The case is for 
Finland in the year 2000 with hypothetical 6,000 MW wind (17% of gross demand) [1 1 ] 


decreasing order (duration curve). There are two 
curves, the load variations without wind and load var¬ 
iations together with wind (the hourly variations of net 
load). The difference in the maximum values of MW of 
variations with and without wind indicates the amount 
that the operating reserve capacity must be increased. 
The difference in overall MW variations shown in the 
duration curves indicates the increased amount of 
existing reserve capacity operating, when wind power 
is added. The same capacity can in principle be used for 
both up and down regulation, and the variations as well 
as the increase should essentially be symmetrical. Either 
up or down (positive or negative) variations can deter¬ 
mine a need for an increase in the reserves. 

Planning and operating a power system is based on 
probabilities and risk. Reserves in the power system - 
with or without wind power - are generally determined 
so that variability within a certain probability are cov¬ 
ered, for example 99.99% of the variability. 

Standard deviation a tells about the variability of 
the time series, it is the average deviation from mean 
value p: 


a = 


N 


t («-(•)' 


n 


(4) 


cover 99.99% of all variability. For hourly variations, 
the mean value is 0 by definition. 

If the variability of load and wind power production 
can be assumed to be uncorrelated, the standard devia¬ 
tion of net load time series (a NL ) can be determined by 
a simple square root sum of the standard deviations of 
load (a L ) and wind power (a w ) time series: 

ffNL = \J (Tl 2 + ffW 2 (5) 

The hourly variability of wind power production 
and load do experience some correlation in the data of 
some regions. Also, the distribution of the variations is 
not usually strictly a normal distribution. However, 
formula (5) has been checked for several sets of data 
and it has produced accurate results for the standard 
deviation of the net load [30]. 

Finally, the increase, I, in the variability due to the 
wind can be formulated as the increase in some multi¬ 
ple of a, calculating the increase from a L to a NL using 
for example 4a as the confidence level covering most of 
the variability: 

I = 4(<Tni - <?L) (6) 

In Fig. 17 the distribution curves for the variations in 
load and net load are depicted, showing also how far 2a, 
3 a, and 4a reach to cover the variability of the dataset. 


For a normally distributed probability distribution, 
the standard deviation a is a measure indicating that 
about 68% of the data is inside =ba of the mean value. 
Taking a range of ±3a will cover 99%, and ±4a will 


Exceedence Level A related approach to calculating 
load following reserve requirements for wind is to 
work the previous example backward. Instead of 
calculating some multiple of a, which corresponds to a 


w 






















12124 


w 


Wind Power Balancing 



Wind Power Balancing. Figure 17 

An example of estimating the increase in hourly variability 
seen by the system ([31] Finland 2000-2001 data). If only 
maximum variation is looked at, the increase is determined 
at the tails of the distribution (52 MW increase in positive 
up-variation and 152 MW increase in negative down- 
variation). Looking at the standard deviation of the 
distributions, there is a difference of 76 MW in the 4a 
coverage of the variability (1,139-1,063 MW) 

given (low) probability that load will exceed generation, 
the probability level is chosen based on a priori risk 
tolerance. For example, if the chosen exceedence level is 
99%, then the load (or load minus wind) can be sorted 
and the entry for the 99th percentile can be extracted. In 
a normal distribution, this would correspond to 3a. 
However, if the underlying distribution is not normal, 
using an exceedence level can provide an alternative 
approach that provides the same level of risk. 

To examine the reserve impact of wind, this 
approach can be easily done by (1) calculating a given 
exceedence level (percentile) for load alone, (2) calcu¬ 
late the same exceedence level (percentile) for the load 
net wind, and (3) comparing the incremental capacity 
of the two calculations. 

Different Time Scale Reserves There are different 
requirements for different time scales in operational 
reserves, and this can be reflected in the amount of 
sigmas needed as a confidence level. 

Regulating reserve must be available through the 
automatic generation control (AGC) scheme and 


responds over time periods of up to several minutes. 
It is not uncommon for the system operator to carry 
regulating reserves equal to =L5a or ±6a, where a is 
the system variability measured as standard deviation 
of the load variability. 

However, over longer time scales it may be possible 
to obtain generator responses from other sources, 
including non-AGC units that are spinning and syn¬ 
chronized, market participants, or quick-start genera¬ 
tion that is not spinning. In systems with significant 
run-of-river hydro, the overall system variability will 
also be a function of the hydro variability over the time 
scale of 10-60 min, in addition to load and wind 
forecast errors and sub-hourly ramping. Some studies 
in the USA, for example, [31-33], have used 2a as the 
preferred metric to calculate load following require¬ 
ments for wind. This is based on the requirement 
(imposed by the North American Electricity Reliability 
Corporation, NERC) that the minimum required score 
for control performance standard 2 (CPS2) is 90%, 
which approximately corresponds to the normal prob¬ 
ability value for 2a. Other US studies have used =L3a as 
the appropriate confidence interval [24, 29, 34]. 
Another study undertaken by GE Energy of the Ontario 
system used ±3a and used a corresponding exceedence 
analysis as a supplement [35]. 

Combining the Impacts of Different Time Scales 

When estimating the changes in balancing and any 
increase in reserve requirements this is usually done 
for different time scales. However, there are many time- 
based interrelations. Primary regulation and - to 
a certain degree - secondary regulation maintain the 
continuous balance. In order for that to work, it is 
necessary to continuously plan und re-plan so that 
there will be sufficient margins for maintaining the 
balance between production and consumption in 
a reliable and economic way. It is not possible to simply 
add up several types of reserves as they are interrelated. 
The events that occur during a certain hour, for 
instance, are a part of what can happen during the 
24 h-period, cf. Fig. 18. 

The difference between flexibility P^n( t) and 
reserves t) is that P^( t) sets the total flexible capac¬ 
ity that has to be available, while P^r( t) only includes 
the part of the flexible capacity that must be available 
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within the time t without being prescheduled. 
Prescheduling means that power plants with longer 
start-up times are included in flexibility P k n(t ), because 
it is assumed that their start-up process is initiated 
before the actual operation hour such that they are 
online in time period k+ 1 . The capability of both 
P k n(t ) and P k r(t) are strongly connected to the ramp 
rates of available power plants and in the case of P k n( t) 
start-up times of available power plants. The examples 
in Fig. 18 are mainly on hourly bases, but common 
reserve categories are, for example, “primary reserves” 
= P k r( around 1 min) and “secondary reserves”=P^ r 
(around 1-5 min). 

The examples in Fig. 18 show a case where produc¬ 
tion needs to be increased to follow the net load. There 
is also a need to decrease production when net load 
decreases. It is generally easier to decrease generation 
than to increase it, for example, by disconnection of 
generating plants (including wind power). 

It can be noted that: 

• Wind power can only decrease when there is 
a production level and only decrease largely when 
there is a large production. In a situation with no 
wind power, there is no need to include wind power 
when determining downward reserves or flexibility 
in the power system. 

• In a situation with high wind power production, 
that is, a situation with possible decrease of wind 


power production, other units are not in operation 
(since some of the load is met with wind power). 
This means that these units can increase their pro¬ 
duction if wind power decreases and/or load 
increases. This is based on the assumption that 
P k n(t) and P k r(t) can increase their production 
fast enough. This means that flexibility and reserve 
keeping in a system with wind power is often more 
an issue of ramp rates and start-up times , than a need 
of more capacity - more fast ramping and starting 
capacity can be needed, if the forecast errors are 
large enough that the slow units cannot follow. 

• In many real systems (here called system A), there 
are connections to neighboring systems (system B). 
In system A a common approach is then to use 
a probabilistic (= statistical) approach concerning 
the need of reserves and flexibility, assuming that 
during a certain percent of the time the needed 
flexibility/reserves are imported from system B. 
But then the needed reserves in system A also have 
to consider possible outages in the transmission to 
system B. This means that one can estimate P k n(t) 
and P k r( t) from a probabilistic density function of 
possible changes (i.e., variability for P k n ) or forecast 
error (for P k r) and a certain percentage of accepted 
need for import of power. This method can also be 
used when one wants to make a rough estimate of 
needed P k n( t) or P k r( t) for a future system based on 
knowledge of P k n(t) and P k r(t) in the current 


Real net load 



Wind Power Balancing. Figure 18 

Need of "Flexibility" is the need for some units to follow the "net load variability," marked P k n(t). This can be partly done by 
units scheduled beforehand, to follow the "net load forecast," marked P k f{t), while "reserves" is the need for some units 
to follow the "net load forecast errors," marked P k r{t) 
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system. Also in systems without interconnections 
there are some dimensioning criteria which means 
that one only keep margins for “possible” situa¬ 
tions. The term “possible” then normally includes 
a certain percentage of what in reality could hap¬ 
pen. Also in these systems it is possible to use 
a probabilistic approach. A straightforward method 
to define “possible” is the commonly used “N -1 
criterion,” that is, it is necessary to keep reserves 
for an outage in the largest unit. 

• The different time frames for both P k n( t) and P k r( t) 
are strongly interconnected. If one, for example, 
have enough P k n(4 h), then this in general includes 
that during this period there must be enough 
P k n(l h). This means, in this case, that there is no 
meaning in calculating P k n (4 h) + P k n(l h) since 
they overlap significantly. Such additions are only 
valid when they contain different units. In reality 
there is also an overlap between P k n( t) and P k r(t). 
Assume, for example, that P k n(t) is available, 
but the forecasted net load only increases P k ft) 
(where P]J[t) <P k n(t)). This means that P k n(t ) - 

is available to be included in P k r(t). This is 
based on that this volume has a ramp rate that is 
high enough so it does not have to be prescheduled. 
It can also be noted that if the most extreme 
increase of net load that have ever happened is 
P3(f), then this means that in this situation the 
highest requirement of available flexibility will be 
that P k n(t) = P3(t). It is then important to note that 
this includes P k r( t) so there is not a need for the 
system to cover both P k n( t) = P3( t) and a maximum 
P k r( t) to meet uncertainties at the same time. 

• There is an interaction between “reserves” and mar¬ 
ket arrangements. If the net load forecasts are rela¬ 
tively accurate for a certain time frame (e.g., 24 h) 
then only a 24 h market is needed. If, on the other 
hand, the 24 h forecasts have low quality, then there 
has to be a market for changed production within 
that period. It is not the variability that requires 
updated markets but more the net load forecast 
errors. It must also be noted that, for example, 
“24 h reserves” is not a physical but mainly 
a market need. Most power plants need maximum 
4-6 h to start up so they do not need this informa¬ 
tion 24 h in advance. 


Wind Power in Electricity Markets 

Wind power can take part in the electricity markets, 
where the energy can be traded according to wind 
power forecasts. As the accuracy of the forecasts is not 
as high as for other generation, or electricity consump¬ 
tion, there are almost always deviations from the traded 
amounts. If the imbalance prices are high, then intra¬ 
day trading will considerably help the individual pro¬ 
ducers in the market to help lower the costs by better 
forecasts closer to delivery hour. Also aggregating wind 
power helps the actors in the market, as there is con¬ 
siderable decrease of (relative) forecast errors from 
dispersed production, just as is the case for load 
forecasts. 

Balance settlement rules have a bit impact on the 
wind power producer. In systems where the imbalance 
prices are transparent and reflect the real system imbal¬ 
ance cost, wind power imbalance costs have been mod¬ 
erate [Holttinen et al., Neimane et al.]. In these systems 
wind power producers only pay extra costs during the 
hours when their imbalance has been to the same 
direction than system imbalance: for example need 
for upregulation when the whole system has used 
upregulation. When the imbalance costs are low, at 
low wind penetration levels, intraday trading is not 
always profitable for the actors. If the imbalance prices 
contain penalties for all deviations, no matter to which 
direction the system imbalance has been, then operat¬ 
ing with shorter forecasts, intraday, is crucial. 

Results from Integration Studies 

An Integration study of wind power is often performed 
in order to obtain the possibilities to integrate a certain 
amount of wind power in a certain system and/or to 
estimate needed changes in the system set up in order 
to make it possible to integrate the wind power. “Inte¬ 
gration cost” is then defined as the additional costs that 
are required in the system (except the costs for 
installing the new power plants) to keep customer 
requirement at an acceptable reliability, cf. Fig. 19. [36]. 

First two terms have to be defined: 

• The replaced system = The power system consisting 

of other power sources in the system that will be 

replaced by the new power source 
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System 1: f Neighbouring 
System A 
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System 2: ( Neighbouring 
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Neighbouring 
System B 



Wind Power Balancing. Figure 19 

Integration cost = [costs in system 2] - [costs in system 1] 


• The remaining system = The power system 
consisting of the other power sources, that are the 
same in both alternative systems 

It is important to note that how the replaced system 
is selected is essential for the result. If the alternative to 
wind power (i.e., the replaced system) is nuclear power 
that is not taking part in regulation (as the amount of 
production changes should be kept small) the conse¬ 
quence of having wind power is also smaller compared 
to if wind power would replace easily regulated 
gas-fired generation. 

Also the selection of the remaining system is essen¬ 
tial. If wind power is to be integrated in a system with 
a large share of nuclear power (i.e., the remaining 
system) this will then cause a much larger “integration 
cost” compared to a study where the remaining system 
consists of easily regulated gas-fired generation. 

Integration cost can be divided into different com¬ 
ponents arising from the increase in the operational 
balancing cost and grid expansion cost. The value of the 
capacity credit of wind power can also be stated. Here 
only the results on “balancing” are summarized. 

Many wind integration studies give estimated 
impacts as increase in reserve requirements (MW) 
and integration costs ($/MWh, €/MWh). Many studies 
give the results in less comparable ways, like impacts on 
the scheduling of other power plants and exports. 

Different metrics for the results have been used in 
the studies: Results as monetary value per MWh of 
wind or per MWh of total consumption (reflecting 
the increase in consumer price). There are also results 
as % of more wind power production needed to cover 
extra losses. 


For increased balancing it is important to note 
whether a market cost has been estimated or whether 
the results refer to technical cost for the power system. 
There is also benefit when adding wind power to power 
systems: it reduces the total operating costs and emis¬ 
sions as wind replaces fossil fuels. The trade-off 
between curtailing wind output in critical times and 
providing new transmission or production capacity 
would be needed in some cases 37. 

In the following graphs only the cost component 
has been analyzed. The case studies summarized are not 
easy to compare due to different methodology and data 
used, as well as different assumptions on the intercon¬ 
nection capacity available. 

Determining what is “high” penetration of wind 
power is not straightforward. Often either energy or 
capacity metrics are used: wind power production as % 
of gross demand (energy) and wind power as % of peak 
load (capacity). To determine high penetration for 
a power system also interconnecting capacity needs to 
be looked at. This is because critical moments of high 
wind and low load can be relieved by using 
interconnector capacity. 

Results for Increase in Reserve Requirements 

Wind generation may require system operators to carry 
additional operating reserves. From both the experi¬ 
ence and results from studies performed, a significant 
challenge is the variability of wind power within 1-6 h. 
Frequency control (time scale of seconds) and inertial 
response are not crucial problems when integrating 
wind power into large systems at the present time, 
but may be a challenge for small systems (like Ireland) 
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and will become more of a challenge for systems with 
high penetration in the future. 

The results presented in Fig. 20 for increase in 
reserve requirements due to wind power are from fol¬ 
lowing studies: Finland and Nordic [11], Sweden [37], 
Ireland [38], the UK [39], Germany [40]; Minnesota 
2006 [32] and California [41]. 

The estimated increase in short-term reserve 
requirements in the studies has a large range: 1-15% 
of installed wind power capacity at 10% penetration 
(of gross demand) and 4-18% of installed wind 
power capacity at 20% penetration. Time scales used 
in the estimation explain much of the differences in 
results: 

• If only hourly variability of wind is taken into 
account when estimating the increase in short¬ 
term reserve requirement, the results are 0.5-4% 
of installed wind capacity or less, with penetrations 
below 10% of gross demand. 

• When 4 h forecast errors of wind power are taken 
into account, an increase in short-term reserve 
requirement of 4-5% of installed wind capacity 
has been reported, with penetration levels of 
5-10% of gross demand. 


The highest results in Fig. 20 are from a study where 
4 h variability of wind (not forecast error), combined 
with load forecast error, results in 15% reserve require¬ 
ment at 10% penetration and 18% reserve requirement 
at 20% penetration of gross demand [39]. The latest 
achievements in wind forecasting show a considerable 
improvement of predictions also in short time scales, so 
using updated forecasts would reduce this estimate. If 
day-ahead forecast errors are left to be balanced with 
the short-term reserves, the increase in short-term 
reserve requirement is nearly 10% (two points for 
Germany reflect difference in up- and down-regulation 
requirements) [40]. In this German study, the reserve 
requirement is taken as the average impact of day- 
ahead forecast errors of wind power. The maximum 
values would result in an increase that is 15-20% of 
installed wind capacity. 

In most studies, reserve requirements for different 
time frames are summed up - for example, increase in 
regulating reserves + increase in load following reserves. 
There are some studies showing larger increase in 
reserve requirement than shown here. Swedish TSO 
published estimates that are 35-48% of installed wind 
capacity [42] . This is due to adding up several cases and 
time frames of reserves. However, the different time 


Increase in reserve requirement 



Wind penetration (% of gross demand) 


— Nordic 2004 

—■— Finland 2004 

—a— Sweden 1 hour 

▲ Sweden 4 hours 

—X- Ireland 1 hour 
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Wind Power Balancing. Figure 20 

Results for the increase in reserve requirement due to wind power. German Dena estimates are taking into account the 
day-ahead uncertainty (for up and down reserves separately) and UK the variability of wind 4 h ahead. In Minnesota and 
California, day-ahead uncertainty has been included in the estimate. For the others the effect of variations during the 
operating hour is considered. For Ireland and Sweden the 4 h-ahead uncertainty has been evaluated separately 
















Wind Power Balancing 


W 


12129 


frames, for example, 1 h ahead and 4 h ahead, are 
strongly overlapping. If one has enough flexibility for 
4 h, then this in general implies that during this period 
there is enough flexibility for 1 h ahead. In this case 
there is no meaning in summing up these reserve 
requirements since they overlap significantly. Such 
additions are only valid when they contain different 
units. 

An important issue is that “increase in reserve 
requirements” does not necessarily mean need of new 
investments. The amount of wind-caused reserves is at 
highest when wind power is on a high production level. 
In these situations the other power stations are oper¬ 
ated on a low level, which means that they can act as 
reserves and increase the generation if wind power 
decreases. This means that flexibility and reserve keep¬ 
ing in a system with wind power is an issue of ramp 
rates and start-up times, together with a need of more 
capacity - more fast ramping and starting capacity can 
be needed, if the forecast errors are large enough that 
the slow units cannot follow. This must be considered 
when “increased reserve margins” are to be estimated. 

Balancing Cost 

Wind power impacts on power system balancing can be 
seen in several time scales, from minutes to hours, up to 
the day-ahead time scale. General conclusions on 
increase in balancing requirement will depend on 
region size relevant for balancing, initial load variations 
and how distributed wind power is sited. Here also, the 
operational routines of the power system are relevant - 
how often the forecasts of load and wind are updated, 
for example. 

To arrive at estimates for balancing cost, the oper¬ 
ating reserve impact is one issue (increase in reserve 
requirement from statistical methods) and impact on 
efficiency of conventional power plants for day-ahead 
operation is another issue (simulations). For the sim¬ 
ulations most results are based on comparing costs of 
system operation without wind and adding different 
amounts of wind. The costs of variability are also 
addressed by comparing simulations with flat wind 
energy to varying wind energy, for example in Minne¬ 
sota, USA [32] and Greennet Nordic+Germany [43]. 

It is important to pay attention to the representa¬ 
tiveness of wind input data (how well does the wind 


data represent the geospread of the power system, how 
is wind power simulated, what time scale effects on 
variability and predictability have been taken into 
account) and also how the main setup for the assess¬ 
ment or simulation is made (wind power replacing 
other production or capacity and to what extent is the 
power system operation optimized when wind power 
production is added). The level of detail of the simula¬ 
tion model (time resolution, level of detail in simulat¬ 
ing conventional generation and transmission, pricing) 
and how the uncertainty in the wind plant output 
forecast is handled with respect to the load forecast 
uncertainty are also important. 

The check-list developed in [35] can be used to find 
out whether the simulation approach has been conser¬ 
vative or whether some important aspects have been 
omitted, producing either high or low estimates for the 
impacts. The most general finding comparing the study 
setups is the use of interconnection capacity - this is 
crucial when estimating the impacts of wind power. 

The results presented in Fig. 21 for increase in 
balancing costs due to wind power are from the follow¬ 
ing studies: Finland and Nordic countries [11], the UK 
[44, 39], Ireland [45], Colorado [45], Minnesota 
[46, 32], California [47, 48]; Nordic countries and 
Germany [43]. 

From the cost estimates presented in investigated 
studies it follows that at wind penetrations of up to 
20% of gross demand (energy), system operating 
cost increases arising from wind variability and uncer¬ 
tainty amounted to about 1-4 €/MWh wind power 
produced (Fig. 21). This is 10% or less of the whole¬ 
sale value of the wind energy. The actual impact of 
adding wind generation in different balancing areas 
can vary depending on local factors. Important factors 
identified to reduce integration costs are aggregating 
wind plant output over large geographical regions, 
larger balancing areas, and operating the power sys¬ 
tem closer to the delivery hour with accurate forecast 
systems. 

The highest estimates of reserve requirements from 
Germany and the UK are not reflected in balancing 
costs, as from both studies it was concluded that this 
amount of reserve can be handled with the current 
conventional power plants. From the UK, only the 
increased cost of operating existing reserves has been 
estimated. 
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In addition to estimates, there is some experience 
from Denmark for the actual balancing costs for the 
existing wind power. For West Denmark, the balancing 
cost from the Nordic day-ahead market has been 
1.4-2.6 €/MWh for a 24% wind penetration (of gross 
demand). These numbers are quite in the middle of 
theoretically estimated results from studies in Fig. 21. 
The balancing cost paid by the wind power producers is 
not the same as increase in technical cost of balancing 
for the amount of wind power. However the market 
costs from Denmark and Spain reflect the cost incurred 
to the system. In Denmark the cost is low compared to 
the penetration level, as the cost comes from Nordic 
market where wind power penetration is still small. 

The interconnection capacity to neighboring sys¬ 
tems is often significant. For the balancing costs, it is 
then essential to note in the study setup whether the 
interconnection capacity can be used for balancing pur¬ 
poses or not. A general conclusion is that if interconnec¬ 
tion capacity is allowed to be used also for balancing 
purposes, then the balancing costs are lower compared 
to the case where they are not allowed to be used. 

Balancing Cost from Electricity Markets In Finland 
and Sweden, the balancing costs as payments for wind 


power producers have been estimated from the 
balancing market (Nordic Regulating market) prices 
to be 0.3-1.4 €/MWh depending on how distributed 
the wind power is and on the market price level for 
balancing [49, 50]. In Sweden, the use of 15 min 
operating reserves has been estimated to increase by 
18-56% of current amounts due to wind power fore¬ 
cast errors 1 or 4 h ahead for 4,000 MW wind power 
(8% of gross demand) [51]. The increased cost of 
system imbalances of Finland due to future wind 
power prediction errors was estimated to be 0.2-1 €/ 
MWh for penetration levels of 1-10% of gross demand, 
assuming the Nordic balancing market was available 
(no bottlenecks) [52]. 

The use of an intraday market to help reduce the 
imbalance costs of wind power has been examined in 
Germany [53] and for the Nordic market in Finland 
[54] and Sweden [51] have shown that for the current 
price assumptions there is not a straightforward benefit 
to use an intraday market. This is because trading at an 
intraday market would mean correcting all imbalances, 
whereas the imbalance payments only apply to the 
imbalances that affect the power system net imbal¬ 
ances, thus not 100% of time (at low wind penetrations 
only 50% of time). 


Increase in balancing cost 
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Wind Power Balancing. Figure 21 

Results from estimates for the increase in balancing and operating costs due to wind power. The currency conversion used 
here is 1 € = 0.7 £ and 1 € = 1.3 US$. For UK, 2007 study the average cost is presented here, the range in the last point 
for 20% penetration level is from 2.6 to 4.7 €/MWh 
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Other Balancing Related Results 

Not all case studies presented results quantified as MW 
of increase in reserve requirements or monetary values 
for increase in balancing costs. 

In Denmark the TSO has estimated the impacts of 
increasing the wind penetration level from 20% to 50% 
(of gross demand) and concluded that further large- 
scale integration of wind power calls for exploiting 
both, domestic flexibility and international power mar¬ 
kets with measures on the market side, production side, 
transmission side, and demand side [55, 56]. 

For the Netherlands, the simulations show the ben¬ 
efit of international trade of electricity and postponing 
market gate closure for wind integration. Wind power 
worsens the business case for thermal generation: 
CCGT during peak demand and base-load coal during 
low demand [57]. 

The Irish All Island Grid Study shows that going 
from 2 to 6 GW wind, the operational costs of the 
electricity system fall by €13/MWh when compared to 
the base case - due to cost benefit approach in the study, 
the cost component was not published as such [58]. 

For New York, 10% penetration of capacity, 
incremental regulation due to wind was found to be 
36 MW. No additional spinning reserve was needed. 
Incremental intra-hour load following burden 
increased 1-2 MW/5 min. Hourly ramp increased 
from 858 MW to 910 MW. All increased needs can be 
met by existing NY resources and market processes. 
System cost savings of $335-$455 million for assumed 
2008 natural gas prices of $6.50-$6.80/MMBTU were 
found. Day-ahead unit-commitment forecast error a 
increased from 700-800 to 859-950 MW. Total system 
variable cost savings increases from $335 million 
to $430 million when state-of-the-art forecasting is 
considered in unit commitment ($10.70/MWh of 
wind) [59]. 

Storage The value of storage in the power system 
operation in the UK was estimated to be 252-970 
£/kW [37]. For Germany a 27 M€/year revenue could 
be foreseen for 400 MW CAES (250 M€ investment) 
[54]. In the NL international exchange was seen as 
a more promising alternative to storage in the system 
[58] . In Ireland adding storage did not bring additional 
value in the All Island Grid Study results [59]. 


For wind penetration levels of 10-20% of gross 
demand in power systems, the cost effectiveness of 
building new electricity storage is still low (excluding 
hydro power with large reservoirs or pumped hydro). 
With higher wind penetration levels the extra flexibility 
that also storages can provide will be beneficial for the 
power system operation, provided they are economi¬ 
cally competitive with other forms of flexibility. It is 
important to notice, however, that any storage should 
be operated according to the needs of aggregated sys¬ 
tem balancing. It is not cost effective to provide dedi¬ 
cated back-up for wind power in large power systems 
where the variability of all loads and generators are 
effectively reduced by aggregating, in the same way as 
it is not effective to have dedicated storage for outages 
in a certain thermal power plant, or having specific 
plants following the variation of a certain load. 

Conclusions and Future Directions 

Wind power impacts on power system balancing can be 
seen in several time scales, from minutes to hours, up to 
the day-ahead time scale. General conclusions on 
increase in balancing requirement will depend on 
region size relevant for balancing, initial load variations 
and how concentrated/distributed wind power is sited. 

Several issues that impact on the amount of wind 
power that can be integrated have been identified. 
Aggregation benefits of large areas help in reducing 
the variability and forecast errors of wind power as 
well as help in pooling more cost effective balancing 
resources. An alternative to large balancing areas is to 
allow and promote intraday and intra-hour trading 
between different balancing areas in order to obtain 
low-cost balancing services. System scheduling and 
operating electricity markets at less than day-ahead 
time scales help reduce the forecast errors of wind 
power that affect operating reserves. Transmission is 
the key to aggregation benefits, electricity markets and 
larger balancing areas. 

Wind integration has mainly been studied to wind 
penetration levels of 10-20% of gross demand (up to 
50% of peak load), with some first efforts to study 
higher penetration levels of 40-50% of gross demand 
[56, 57, 59]. What happens in larger penetration levels, 
where wind becomes a more dominating part of power 
system, is not completely clear. Studies will have to 
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cover larger areas to take the cross border transmission 
into account properly [60]. The future power systems 
may also provide different options for flexibility in 
demand side that do not exist today. Future integration 
studies should take into account the foreseen high 
penetration of PV or ocean power. This will help 
smoothing the variability of individual technologies. 
Recommendations for integration studies: 

It is very important to take the variability of wind 
into account in a right way in power system studies. 
The variability will smooth out to some extent if there 
is geospread wind power, and part of the variability can 
be forecast. Because of spatial variations of wind from 
turbine to turbine in a wind power plant - and to 
a greater degree from wind power plant to wind 
power plant - a sudden loss of all wind power on 
a system simultaneously due to a loss of wind is not 
a credible event. Sudden loss of large amounts of wind 
power due to voltage dips in the grid can be prevented 
by requiring fault-ride-through from the turbines. Rec¬ 
ommendations for wind integration studies include: 

• Capturing the smoothed out variability of wind 
power production time series for the geographic 
diversity assumed and utilizing wind forecasting best 
practice for the uncertainty of wind power production 

• Examining wind variation in combination with 
load variations, coupled with actual historic utility 
load and load forecasts 

• Capturing system characteristics and response 
through operational simulations and modeling 

• Examining actual costs independent of tariff design 
structure 

• Comparing the costs and benefits of wind power 

In most cases the question is whether extra invest¬ 
ments to power systems are economically profitable or 
not in the new system with larger amount of wind 
power - not only stating that a certain amount of extra 
reserve capacity and/or new transmission lines, etc., are 
a prerequisite in order to build any wind power. 

For high penetration levels of wind power, the opti¬ 
mization of the integrated system should be explored. 
Modifications to system configuration and operation 
practices to accommodate high wind penetration may 
be required. Not all current system operation tech¬ 
niques are designed to correctly incorporate the char¬ 
acteristics of wind generation and surely were not 


developed with that objective in mind. Increasing 
power system flexibility through such means as trans¬ 
mission to neighboring areas, generation flexibility, 
demand side management and optimal use of storage 
(e.g., pumping hydro or thermal) in combination with 
market aggregation and operation closer to real time 
will impact the amount of wind that can be integrated 
cost effectively. 
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Glossary 

Converter Electronic object that can change a voltage 
and current form into another form. 

Doubly fed induction generator system (DFIG) A 
common electrical system for wind turbines that 
has a converter in the rotor circuit. 
Fault-Ride-Through - FRT The ability of a wind tur¬ 
bine to be immune against voltage dips in the 
connected network. 

Fixed-speed system Simplest wind turbine electrical 
system consisting of mainly an induction machine 
and capacitors. 

Full-power systems Wind turbine electrical system 
which has a converter between the stator of the 
wind turbine generator and the grid transmitting 
the whole power from the turbine. 

Power quality An expression for how close the voltage 
is to its ideal waveform, and the quality of the cur¬ 
rent injected by an object into the grid. 

Reactive power Oscillating power that only causes 
losses and do not provide an active power transfer. 

Definition of the Subject 

The electrical system of a wind turbine could be referred 
to as the heart of the wind turbine. The main purpose 
of the electrical system is of course to convert the incom¬ 
ing mechanical energy on the shaft to electrical energy 
that is fed into the connected power grid. This con¬ 
version should naturally be done with a minimum 
of losses as well as with the smallest component size 
possible. 

In addition, the electrical system has the ability to 
influence the power quality impact that a wind turbine 
has on the power grid and also the ability to control the 
speed and torque on the machine shaft (if it is equipped 
with a power electronic converter) and in this way 
maximize the energy capture as well as to keep the 
stresses on the structure to a minimum. 


These requirements (high energy capture, good 
power quality impact, low stresses on the structure in 
order to minimize the material needed) have in com¬ 
bination with the technical development led to an 
evolution of wind turbines and definitely regarding 
the electrical systems of wind turbines. This develop¬ 
ment is continuously ongoing and is the reason to why 
we have several different concepts of electrical generat¬ 
ing systems for wind turbines. 

This entry explains the commonly used technolo¬ 
gies for generating systems for wind turbines today, their 
design, function, and properties. In addition, it also 
presents how turbines made up of the various technol¬ 
ogies influence the grid to which they are attached. 

Introduction 

Wind turbines, or rather wind mills, have existed for 
millenniums, mainly for crop grinding and water 
pumping purposes. In 1887 the first electricity¬ 
generating wind turbine was erected and used for 
battery charging. During the years the sizes of the 
wind turbines increased and became more and more 
connected to the grid for conventional power infeed 
generation. 1931 a 100 kW wind turbine was erected in 
the USSR. The first megawatt (MW) machine was 
erected in the USA in 1941 [1]. 

However, due to the enormous amounts of available 
fossil fuels, the more expensive wind energy electricity 
was no greater success during the greater part of 
the twentieth century. However, with the oil crises 
in the beginning of the 1970s the interest awoke and 
the modern era of wind energy started. In many 
countries, for instance in Denmark and in the USA, 
more modern wind turbines started to be built and 
erected. By the beginning of the 1980s, the standard 
maximum size was around 50 kW and at the end of 
the 1980s 200 kW. Ten years later, the maximum size was 
up to around 2 MW and 10 years further 6 MW turbines 
existed. The most economical size has typically been 
a bit smaller than the maximum size. Another important 
shift happened in the 1990s, the variable-speed 
operation was introduced into commercial turbines 
after having mainly been a research topic. 

In short, the development of electrical systems 
for wind turbines has moved from being small isolated 
grid disturber to being large grid-friendly and even 
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grid-reinforcing production units. This development 
has to a great extent been built on the development of 
power electronics. Today (2011) there is a lot of focus 
on large wind farms connected to the transmission 
networks, but local integration of wind turbines will 
also continue to be an important issue. 

Operational Requirements on a Wind Turbine 
Generator System: General 

Stationary Requirements 

As partly mentioned in the previous section, a wind 
turbine generator system shall have a low weight, low 
maintenance need, as well as a high efficiency. The 
resulting goal is of course, that it shall be as cheap as 
possible in relation to the produced electrical energy. 
It shall also be able to convert the maximum power 
without becoming overheated. The sizing of the elec¬ 
trical system of course follows the maximum rating of 
the wind turbine, in which it is going to be inserted, 
and the electrical system must be able to handle this 
power as well as some overload. The efficiency should 
preferably not be the best for the rated operation, 
instead it is more important that the efficiency is as 
highest for medium speeds. In Fig. 1 the wind distri¬ 
bution for a site with an average wind speed of 7 m/s is 
presented, as well as the available energy for each spe¬ 
cific wind speed, which demonstrates the focus area for 
having a high efficiency of the electrical system. 

From Fig. 1 it is very clear that high efficiency 
around 1-2 times the mean wind speed is a key issue 
for the electric generating system. Moreover, it can be 
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Using 7 m/s as average wind speed. Wind speed 
distribution, available power in the wind and available 
energy as a function of wind speed 


noted that below 3 m/s and above 20 m/s there is hardly 
any energy at all. 

The system must have the ability to be overloaded 
for short times, without losing its functionality. Electri¬ 
cal machines have in this regard a highly desirable prop¬ 
erty, they can be overloaded for a short time, since the 
magnetic ability of the generators are usually much 
higher than the steady-state thermal limitation. How¬ 
ever, this is not the case with the power electronic 
converters; they usually cannot even handle a few sec¬ 
onds of higher power compared to their rating. 


Dynamic Requirements 


In this section, there appear a number of terms which 
will be declared in the upcoming section. The main 
purpose of this section is to underline the great benefit 
of having an electrical generating system that can con¬ 
trol the speed and torque of a wind turbine in a broad 
range. 

Apart from the pure stationary demands on proper 
rating and high efficiency, a very important issue is that 
the electrical system of the wind turbine must provide 
a sufficient smoothness regarding the electric power 
flow in order not to cause stresses either on the struc¬ 
ture or on the power quality of the grid. 

For a traditional fixed-speed wind turbine, there is 
a trade-off between softness and efficiency. It is the 
rotor resistance in the induction generator used in 
this system that is the key variable. This together with 
the input torque determines that a fixed-speed system 
should be stall controlled. The key equation here is 


dco m m 

J n = w_ e 


where / is the inertia of the system, T e is the 
electrodynamical torque, and T w is the torque from 
the wind acting on the rotor. In the case that the rotor 
speed cannot change, the electrodynamical torque will 
be equal to the shaft torque created through the aero¬ 
dynamic power conversion by the rotor, which 
means that all unevenness in the incoming torque is 
transmitted further in the system. This causes both 
mechanical wear and a poor power quality impact. 
However, for fixed-speed systems, the speed can change 
a little bit, and even more if the induction generator has 
a high rotor resistance, which unfortunately gives a 
lower efficiency. Anyway, the speed variations for a 
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fixed-speed wind turbine system are low. In Fig. 2 the 
power versus wind speed for some different pitch angles 
are presented. Pitch angle is a quantity that tells how 
“turned” the blade is toward the rotational plane. 

From the figure it can be noted that a wind increase 
around 20 m/s will lead to a very large power variation if 
a pitch angle of 20° is used, which will lead to stresses on 
the mechanical construction as well as a power output 
that varies substantially. Accordingly stall control must 
be used for a fixed-speed turbine, where the power 
variations are much lower. This can be noted by observ¬ 
ing the 2° and 25° pitch angle curves at 20 m/s, where 
the turbine is producing rated power. An increase in 
2 m/s, leads to a reduction of the power by 10% for the 
2° angle while it for a 25° angle leads to an increase of 
50%, which would strongly stress the turbine. 

Another observation from the figure is that it can be 
noted that a fixed pitch angle at 0° would be the safe 
choice for this turbine. A drawback is then that 
some energy is lost in the high wind speed region. 
If some overpower can be accepted a slightly higher 
pitch angle could be possible to use. Important to point 
out is also that with changing air pressure, the power 
production will vary. 

Power Versus Wind Speed Relation 

The equations used to obtain the static power versus 
wind speed presented in Figs. 1 and 2 can be easily 
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Wind speed versus power (1 corresponds to full power) for 
various pitch angles for one given pressure 


found in literature, for instance in [2], and the key 
equations for doing these calculations are 

^wind = I PAWS 3 

fmech = IpAWS 3 C p (/l) 

ws 

where P win d is the available power in the wind, P mec h is 
the power that can be converted from P wind , R is the 
rotor diameter, A is the area swept by the rotor, p is 
the air density, X is the tip-speed ratio, C p is the power 
coefficient determining the ratio between P mech and 

^wind* 

C p is a function of X. For a specific 2, C p has it 
highest value, about 0.45-0.5. This means that if the 
rotor speed can vary proportionally with the wind 
speed, the power capture can be maximized. In order 
to vary the rotor speed, a variable-speed turbine is 
needed. For higher wind speeds, the available power 
in the wind becomes far too high, so C p must go 
down in order to limit the power. This reduction can 
be done in two ways, either the blades lose their 
aerodynamic efficiency, “stall control,” or the blades 
are turned out of the wind, “pitch control.” 

If the rotor speed was allowed to vary, as for 
a variable-speed turbine, it can be noted from the 
earlier presented speed equation that there is a term, 
Jdco/dt , that can take up the incoming power variations 
and give a smooth power output (Power is directly 
related to T e ). By selecting a proper power electronic 
control, the electrodynamical torque can be controlled 
and then also the stresses on the mechanical structure 
as well as and the power fluctuations going out to 
the grid, can be reduced. For a variable-speed turbine, 
pitch control is generally used, since pitch control gives 
less stresses on the wind turbine. In this case, the 
turbine can speed up in case of a gust (keeping the 
shaft torque constant through the generator system) 
and during the acceleration, the additional energy is 
stored in the rotational energy and then the turbine can 
pitch the blades to return to a suitable aerodynamic 
power conversion. This gives a requirement on the 
torque control ability of the generating system; it 
must have a bandwidth of at least 10 Hz. This is no 


w 













12138 


w 


Wind Power Generator Systems and Local Power System Interconnection 


problem for electrical generating systems in general, 
where torque demands can be realized in a matter of 
less than 10 ms. 

In addition, the energy capture by the rotor can be 
increased since an optimal speed can be used for each 
wind speed. However, this is a cost issue. Today, the 
fixed speed systems often comprises two fixed speeds, 
and in this way, modern fixed-speed systems have 
about the same energy production as variable speed 
systems. 


Wind Turbine System Electrical Components 

Electrical Fundamentals 


Voltage, Currents, Power, Energy, and Loss In 

electrotechnology, the intensity source is voltage and 
resulting flow is current. The units are Volts [V] for 
the voltage and Ampere [A] for current. There are 
three basic electrical properties related to passive 
elements in electrotechnology, namely, the resistance, 
the inductance, and the capacitance. The relation between 
currents and voltages are for these three elements: 


u(t) = Ri(t) 


u(t) = L or i(t) = i(to) H— u[t)dt 


i(t) = C 


ctu(t) 


ol 


or u(t) = u(to)-\-— i(t)dt 
at C 


In Fig. 3 below, a resistor, a capacitor, and an induc¬ 
tor are shown. 

The power flowing in an electrical system is 
p(t) = 
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Resistor, capacitor, and inductor 


By integrating the instantaneous power, the energy 
can be determined as 


W(t) 


p(t)dt. 

o 


The losses in electrical systems are typically related to 
resistances in the systems and can directly be found as 

pioss(t) = Ri 2 {t) 


or 



where i is the current flowing through the resistive 
element and u is the voltage over it. 

It is possible to use constant voltage and current levels 
as well as an alternating voltage and current in an electri¬ 
cal system; these are referred to as Direct Current = DC 
and Alternating Current = AC. HVDC accordingly 
means High Voltage Direct Current. The frequency of 
the alterations is typically 50 or 60 Hz in grids around 
the world. In Fig. 4 below both DC-quantities as well as 
AC-quantities (50 Hz) are depicted. 

This type of AC-supply is referred to a single-phase 
supply, more about the commonly used three-phase sup¬ 
ply will soon follow. Here some observations can be 
performed. The average power in both cases in Fig. 4 
are 3 W. In the case of the AC-system the instantaneous 
power however oscillates with twice the frequency of the 
voltage and current, which is a drawback when using 
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Left : DC-quantities. Right: AC-quantities 
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single-phase AC-system for power electronic equip¬ 
ments, where this power variation needs to be tackled. 

Moreover it can be observed that the peak values of 
the currents and voltages are higher that the quantities 
in the DC-system. Due to the constant changing of the 
level of current and voltage, it is in an AC-system 
necessary to have a peak value that is y/l higher than 
the so-called rms-value: 

U = y/l Urms 

The RMS-value approximately/exactly corresponds 
to the DC-level, in this example exactly. For further 
information, the reader is encouraged to look in 
a textbook on the subject, for instance [3]. 

In the case treated in Fig. 4, the voltage and currents 
were exactly in phase. However, when applying 
AC-voltage on a circuit consisting of inductances and 
capacitances, there will be a phase shift. In Fig. 5 an R-L 
circuit subjected to an alternating voltage, v, and the 
resulting quantities are displayed. 

One obvious observation is that the current now is 
lagging the voltage and that the power level is lowered, 
although the peak voltage and peak current are the 
same. This gives rise to three different powers. 

The active and reactive power is defined as 

P = UIc os(0) 

and 


Q= UI sin(0). 

The active and reactive power are related as 

s = a/p 2 + Q 2 

where S is the apparent power. 
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A voltage source acting on an R-L load 


It is the apparent power that is important for the 
electrical dimensioning of a component since it 
composes the peak value of the current and voltages. 
The active power is the desired one and the reactive 
power is usually undesired. An important quantity that 
tells how much of the transmitted power that is useful 
is the power factor: 

PF = cos (</>) 

These four equations above are only valid in the 
absence of harmonics. In the presence of harmonic 
voltages, there is a need for more definitions. Here the 
reader is encouraged to consult power electronic liter¬ 
ature, for instance, [3]. 

Three-Phase System It is possible to use three single¬ 
phase systems where the AC-voltages are separated 
with one-third period apart to form a three-phase 
system. This corresponds to an angle displacement of 
120° between each of the single-phase systems. 

u R (t) = \/2Urms sin(ft)f) 

2tt 

u s {t) = V2U rms sin (cot + —) 

u T (t) = C/rms sin (cot + y) 

i R {t) = \/2Urms sin(c»f + ip) 

2tt 

k(t) = V2 U RM s sin (cot + — + (p) 

= v^Urms sin(cot + — + ip) 

In Fig. 6, three-phase currents and voltages are 
shown for a case with Urms = 230V, Jrms = 150A 
and </> = 30°. 

An advantage is that the instantaneous power 

p(t) = u R (t)i R (t) + us(t)k(t) + u r (t)i r (t) 

now is continuously constant, so that in power elec¬ 
tronic systems using a three-phase supply, there is less 
need of filtering capacitors in order to obtain stiff 
voltages after the in power electronic equipment very 
common rectification. Moreover, 

»r (t) + k(t) + k (t) = 0 
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and 

u R (t) + Us(t) + Wt(^) = 0 

which means that there is no need for a return conduc¬ 
tor, so more power can be transmitted per conductor. 
This is illustrated in Fig. 7. 

These nice properties together with the invention of 
the three-phase induction machine (see coming sec¬ 
tion) have led to a condition where three-phase systems 
completely dominate the electric power transmission 
as well as power supply today. 


Joj- Method A convenient mathematical method that 
can be used to calculate the currents and voltages if the 
quantities are in steady state and oscillating with one 
frequency only, is the jco- method, [2] . The sinusoidally 
varying quantity is represented with a complex number 
where the magnitude and phase shift are represented. 
The representation can be done either in Cartesian 
coordinates or in polar coordinates. 

A + jB = VA 2 + BV atan © 
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Three-phase currents and voltages 
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Three single-phase systems as well as a three-phase system 
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When a polar coordinate system is used, the mag¬ 
nitude in combination with the angle is referred to as 
a phasor. 

Due to the steady-state assumption and a single 
oscillating frequency, the derivative d/dt can be 
replaced with jco , and then calculations can be 
performed, see the example when determining the cur¬ 
rents in an RL-circuit. In Fig. 8, an example of an 
RL-circuit supplied by an alternating voltage source 
is shown. 

The equation for the circuit is 

u(t) = Ri(t)+L 
or using the jco-method, 
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A voltage source acting on an RL load 


U = Rl + jcoLI. 

The resulting waveforms are shown in Fig. 9. 

The Transformer Power is voltage times current. In 
order to have a convenient end-usage a lower voltage 
level is needed, while for transportation a higher 
voltage is needed to keep the losses, that is, the 
currents down. 

Due to the simplicity with which voltage could be 
changed into different voltage levels, alternating- 
current systems (AC-systems) became the dominating 
ones for higher power already around year 1900. The 
object that transforms voltage from one voltage level to 
another one is called a transformer, see Fig. 10 where 
two photos of a large as well as a small transformer are 
shown together with the symbol of a three-phase 
transformer. 

The equations governing the voltage and current 
relations (Observe: a bit idealized) between the primary 
and secondary side are the following: 

Ui = }h 
Ni N 2 

I\Ni = I 2 N 2 

Electric Machines (Generators and Motors) 

Electric machines can generally both convert rotational 
energy into electrical energy (generator operation) and 
the opposite (motor operation). When an electric 



Wind Power Generator Systems and Local Power System Interconnection. Figure 9 

Voltages and currents as time traces as well as in phasor representations 
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machine is designated to produce electrical energy 
from another source, the term “generator” is typically 
used. Here the more general term “machine” will 
frequently be used. 

There are three main types of electrical machines. 
These are the DC-machine, the induction machine 
(asynchronous machine), and the synchronous 
machine. They all consist of a rotor that rotates, and 
usually is located in the inside of the machine and 
a stator, which is standing still. 

There are three fundamental principles that are 
used in an electrical machine, which gives rise to a 
conversion between electrical and mechanical energy. 


Ni N2 



Wind Power Generator Systems and Local Power System 
Interconnection. Figure 10 

Transformer, photo and circuit description, A/ n is the 
number of windings on the primary side and N 2 is the 
number of windings on the secondary side 


• A force is produced by the cross product of 
a current flowing in magnetic field F = B x I. 
If this force is applied at a certain distance, r, from 
the axis of the rotor, a torque will be formed 
according to T = F x r. Force can also be looked 
upon as being created by two interacting magnetic 
fields, more about this follows below. 

• A magnetic field is created by a permanent magnet 
or an electromagnet. 

• A flux change through a coil leads to an induced 
voltage in this coil, e «= ^ 

Figure 11 illustrates in a simple fashion the three 
physical fundamentals, for a more thorough descrip¬ 
tion, [4] is recommended. 

There is an alternative way of looking into the force 
creation, which is illustrated in Fig. 12. 

By having a magnetic vector in the rotor and one in 
the stator, the rotor will be exposed to a force 

T = I’Asll'Arl sin(^) 

and the result will be that the rotor would like to align 
itself with the magnetic vector of the stator. If the 
magnetic vector (flux vector) now rotates, the rotor 
will also rotate. Some recommended textbooks for 
further information are [4-7]. 

DC-Machine Although the primary interest here is 
to use the machines as generators, the more general 
term “DC-machine” will frequently be used in this 
section. 

In order to create the varying flux through a coil, 
either the coil must move (as in a DC-machine) or 
the flux through the coil must vary (AC-machine). 
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Three electromagnetic fundamentals making up key factors for the operation of an electrical machine. Same order as the 
bullets above. See [4] for more details 
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Wind Power Generator Systems and Local Power System 
Interconnection. Figure 12 

Illustration of one magnetic vector in the rotor and one 
imposed in the stator giving an alignment force, making 
the machine to rotate 


In the DC-machine, this “fluxtaking coil” is located in the 
rotor and accordingly there is a need for a mechanical 
shifting of the current. This is done in something called 
the commutator. Due to practical reasons, such as that 
the machine becomes expensive, the commutator has 
reliability problems and that the power level is close to 
the maximum for this machine, the DC-machine is 
nowadays hardly not used for wind energy applications, 
and in this case limited to very small turbines. 

In Fig. 13 the stator and the rotor of a DC-machine 
is presented. The field winding creates the field, and 
when the rotor is inserted and the rotor conductors are 
carrying a current in the magnetic field originating 
from the field winding, forces are formed which will 
create a rotation of the DC-machine. 

The separately magnetized DC-machine has the 
torque-speed characteristic presented in Fig. 14. 
The torque presented is the electrodynamical torque, 
T e , which is the torque that the machine sets up based 
on the electrical conditions. The blue curve corre¬ 
sponds to an original setting. By adjusting the field 
voltage or the armature voltage, it is possible to alter 
the torque-speed characteristic and in this way obtain 
a torque or speed control. Earlier, before converters for 
AC-machines became useful, it was the DC-machine 
that was used for variable-speed drive applications. 

In the figure, a negative torque corresponds to 
generator operation. For instance, note the blue curve 
for speeds above 1,900 rpm. This means that if a driving 
wind torque is applied, the turbine will speed up 
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Left : Stator with field winding. Right : Rotor with armature 
winding 
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Wind Power Generator Systems and Local Power System 
Interconnection. Figure 14 

Torque-speed characteristics of the separately magnetized 
DC-machine 

until the incoming torque is balanced by the 
electrodynamical torque set up by the DC-machine. 

Rotating Flux Vector Before continuing with the 
alternating current machines, there is a need to 
tackle the issue that an AC-machine will not have 
a “room-fixed” flux, instead it will rotate. Accordingly, 
this section tries to explain how a rotating flux vector is 
built up from the voltages applied to the machine and 
from the resulting currents. 

By feeding a coil with an AC-voltage, an AC-current 
will result and a pulsating magnetic flux will be created. 
The direction of the magnetic flux follows the magnetic 
axis of the coil which is perpendicular toward the coil. 
The direction can be determined using the right hand, 
with the fingers in the direction of the current in the 
coil, and then the magnetic flux direction is in 
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the direction of the thumb. In Fig. 15, the magnetic 
vector is depicted for one time instant. 

If several coils are acting on the same magnetic 
path, there will be a total magnetic vector composed 
of all coils that act on this magnetic path. By using three 
coils that are displaced 120° “roomwise” and feeding 
them with voltages displaced 120° in angle (time), 
a rotating magnetic vector will be created, see illustra¬ 
tion in Fig. 16. In the figure, three time instants are 
presented, where it can be noted how the gray arrow 
representing the total magnetic vector rotates with 
a constant speed and constant magnitude. 

Depending on the rotor design, a flux vector will be 
created in the rotor and the angle between the applied 
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Magnetic flux created by current flowing in a single-phase 
coil 


magnetic vector from the stator and the rotor flux 
vector will give rise to a driving torque and a rotation 
that has the same speed as the rotating magnetic flux 
vector originating from the stator (synchronous 
machine), or slightly lower (induction machine). 

By placing the magnetic vector in the stator before 
the magnetic vector from the rotor, the machine will 
operate in motor operation, and by putting the 
magnetic vector from the stator behind the magnetic 
flux from the rotor (and thus braking the rotor) the 
machine will operate as a generator. 

Synchronous Machines The synchronous machine 
has its name since the rotor will rotate synchronously 
with the stator flux vector. The machine can have 
(1) permanent magnets, (2) an electrical winding, or 
(3) just a magnetically uneven rotor shape. In Fig. 17, 
a simplified figure of a permanent-magnet synchro¬ 
nous machine is presented. 

As earlier mentioned, a machine with a magnetic 
vector created in the rotor by permanent magnets or 
a field winding are made to rotate as motors by apply¬ 
ing a rotating magnetic vector created from the stator, 
before the magnetic vector of the rotor. In this way, the 
stator magnetic vector is “pulling” the rotor 
behind itself. In generator operation, it is the load 
(wind/water/steam) that makes the rotor to rotate, 
and then, in order to brake the machine so it does not 
overspeed, a rotating magnetic vector created by the 
stator, currents must exist. Usually this magnetic vector 
is created by applying voltages to the stator, but it is also 
possible to allow voltages to be generated in the stator 
by the field vector from the rotating rotor, and then 
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Magnetic flux created by a three-phase coil, forcing the machine to rotate counterclockwise 
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Simplified picture of permanent magnet machine, with 
stator flux [gray arrow) and magnet flux [gray-white arrow). 
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Speed-torque characteristics of a synchronous machine 






T rr 

ilo+i\ /A 








1 e It 

native 




















Wind Power Generator Systems and Local Power System 
Interconnection. Figure 19 

Photo of an "opened" three-phase induction machine as 
well as a rotor originating from another machine 


connect the stator windings to a passive load (a load 
that can be represented by an RLC-circuit). 

The torque-speed characteristics for a two-pole 
synchronous machine is presented in Fig. 18 for a fre¬ 
quency of 50 Hz. If the rotor has more poles, it will 
rotate slower; a four-pole machine would with 50 Hz 
rotate with 1,500 rpm. If a voltage having a 60 Hz 
frequency is applied, the machine would rotate 
a bit quicker; more about this will come below in the 
pole-pair section. 

Induction (Asynchronous) Machines A photo of an 
opened three-phase induction machine is presented in 
Fig. 19 together with a rotor. 

From the figure, the stator windings can be 
observed, located around the rotor with their magnetic 
axes directed in to the rotor. By using the right hand, 
and pointing the thumb inward from the stator in to 
the rotor, the other fingers on the right hand, depicts 
how the windings in the stator are placed with the 
fingers showing the current direction. Larger machines 


are in principle almost always three-phase, and accord¬ 
ingly, as described above, there are three magnetic axes 
pointing inward, displaced 120° from each other 
around the rotor. 

Further, the rotor can also be observed in the 
photos. The rotor consists of laminated iron sheets/ 
plates, which can be assumed to be isolating toward 
currents. In these laminations, however, there are cast 
aluminum slots, where a current can flow. If the stator 
of the induction machine is supplied by a three-phase 
power source, a rotating magnetic flux will be created. 
As this magnetic wave rotates through the rotor, the 
short-circuited current paths (that can be observed in 
the figure) try to put up currents that counteract this 
imposed magnetic field. These currents form together 
with the imposed flux vector a driving torque. 
The process with which the currents are created in the 
rotor is called induction, and hence the name induc¬ 
tion motor. If the machine rotates exactly with the 
speed of the magnetic flux vector set up by the stator, 
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there will be no induced currents and the torque will be 
zero. However, the larger the differences between the 
speed of the rotor and the speed of the magnetic field, 
the larger the torque will be. However, a too large speed 
difference will cause a reduction of the torque and the 
machine will lose its thought functionality. The point 
where the torque is at its maximum is referred to as the 
stall point. In Fig. 20, the flux vector (white) together 
with the current vector in the rotor (gray) is presented 
for a lightly loaded motor point as well as for operation 
at full speed as a generator. 

In the figure it can be noted that, exactly as for the 
DC-machine that the speed increases in generator 
operation. If the induction machine is driven by 
a wind turbine rotor, it is the torque formed from the 
wind that increases the speed. 

The fact that the induction machine operates asyn¬ 
chronously with the frequency of the supply gives it its 
alternative name, the asynchronous machine. 

The machine presented in Fig. 20 has a rated slip of 
5% (slip is the relative speed change that the machine 


has within its normal operating region). Larger 
machines have a rated slip of below 1%. In [8], page 
124, a figure presents typical slip values for induction 
generators as a function of size and pole-pair number. 
The slip increases with higher rotor resistance, which 
gives a smoother operation, since the speed is allowed 
to vary more. However, the higher the rotor resistance, 
the higher the losses. The efficiency of a modern induc¬ 
tion generator for wind turbine applications is above 
95% once the loading is between one-third of full load 
and full load. 

Of special interest for wind energy applications is 
an induction machine where the rotor instead has 
windings and these windings are connected to slip 
rings at the end of the machine. In Fig. 21, slip rings 
that are connected to the rotor windings can be 
observed on a 22 kW induction machine. 

To the rotor slip rings it is possible to connect 
a converter. The advantage is that such a converter 
becomes fairly small in comparison with attaching 
a converter in the “normal way,” that is, to the stator, 
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Upper picture, operation of the induction machine as a motor with a moderate torque. Lower picture, operation as 
a generator with full torque. White vector is the resulting magnetic vector, and the current vector is depicted in gray 
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Wind Power Generator Systems and Local Power System 
Interconnection. Figure 21 

Slip rings connected to the rotor windings of a 22 kW 
induction machine 

giving low cost and low losses in the generating system 
of the wind turbine since only a fraction of the total 
produced power goes through the converter. More 
about this will follow in the descriptions of the wind 
energy generating systems. 

Pole-Pair Number If there only is a north and 
a south pole in the stator and the rotor, the synchro¬ 
nous machine will rotate with the same frequency as 
the applied electrical frequency 

= CO e i. 

The induction (asynchronous) machine will, as 
mentioned before, deviate maximum a few percent 
from the speed determined by the equation above. 

The rotational speed in rpm (round per minute) 
can be found using the relation 

n 60 

n = Q m — . 

2n 

Often, an electrical machine consists of more than 
a south pole and a north pole (referred to as 1 pole-pair, 
with the notation p - 1). In Fig. 22, an example of a 
two- and a four-pole machine is depicted. 

The relation now becomes for the synchronous 
machine, 

p£2 m — to e i« 

Here, the magnetic flux per pole-pair changes with 
the same speed as the applied frequency. However, 
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Two- and four-pole synchronous machine 

since there are several pole-pairs involved, this means 
that the speed of the rotating flux vector is shifted down 
with the number of pole-pairs, seen from the stationary 
reference system. Apart from giving the possibility to 
change the rotational speed, the use of a higher number 
of pole-pairs can also give a possibility to optimize the 
machine for certain applications. 

Again, for the induction machine there is a slight 
speed difference between the physical rotor speed and 
the speed of the magnetic vector, but the same reason¬ 
ing holds for a no-loaded induction machine. 

Power Electronics 

Converter 

The rotational speed of an AC-machine is governed by 
the number of pole-pairs as well as the frequency of the 
electric supply it is connected to. This is the reason why 
traditional (also called Danish concept) turbines are 
called fixed-speed turbines. This type of machine is 
put in generator operation by the driving wind, but 
the speed is governed by the grid frequency 50/60 Hz, 
the number of pole-pairs, and the gearbox ratio. 

In order to control the speed of an AC-machine, it is 
a necessity to be able to alter the frequency of the 
voltage applied to the electric machine. In this way, 
the magnetic flux vector will alter its speed. For this 
purpose a converter is used. The converter has an 
AC-side connected toward the generator and a DC-side 
that sends the electrical power toward the grid, via 
another converter. This second converter has its 
AC-side toward the grid. 

The needed varying frequency is created by 
switching transistors quickly (a couple of kHz) and in 
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this way a switched voltage pattern is formed, that in 
average (for a switching period, i.e., 0.5-1 ms) has 
a desired average that has a “main fundamental wave¬ 
form” that corresponds to the desired applied fre¬ 
quency. In Fig. 23, a simplified sketch of a converter is 
depicted together with a 200 A power module making 
up a so-called phase leg, which builds up the phase 
voltages, in this case phase c. The transistor is either on 
or off, and in a phase leg, the upper or lower is always 
on and the other off. This means that the voltage 
potential in point c jumps between + Vj/2 or -VJ2. 
Once the voltages are created by the transistors, the 
current will then flow out from the generator and 
towards the DC-link. Also in the figure, bottom right, 
a complete conversion from the variable generator 
frequency to the 50/60 Hz grid frequency is depicted. 

Since there are three-phase voltages created, the 
phase potentials will contain also another level. 
The resulting phase voltage and the resulting current 
for one phase is presented in Fig. 24. 

In the switching pattern, it can be observed that 
there is a more low-frequency wave that is imposed on 
the machine, in this case having a frequency of slightly 
lower than 50 Hz. Due to that the machine windings 
contain inductance, it means that the high-frequency 
switching of the voltage will only lead to fairly small 


current ripple (added on the desired fundamental 
waveform) as can be observed in the figure. Since it is 
the current that forms the torque in an electrical 
machine, the torque produced by the generator will in 
principle only be based on this desired low-frequency 
signal. The higher switching frequency is filtered away. 

The same power converter can also be connected 
towards the power grid, as shown in Fig. 23, however 
into the power grid it is not allowed to inject to much 
current harmonics. A problem is that the grid does not 
have enough inductance and accordingly a filter is 
needed in order to bring down the current harmonics 
to reasonable values. 

The losses are fairly low in a power converter and 
can be down to 2% for a DC/AC-conversion in a wind 
turbine converter. However, there is also a need to 
convert the voltages and currents from DC to the grid 
AC-quantities, and accordingly around 3-4% is what 
can be achieved regarding converter efficiency. At low 
load, the efficiency is, of course, lower. 

STATCOM and SVC 

A STATCOM is in principle the same object as the 
converter presented in Fig. 24. However, on the DC- 
side there is only a capacitor. The AC-side is connected 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 23 

Left : Principle sketch of switching converter. Upper right: 200 A power module consisting of two transistors, making up the 
phase voltage c. Lower left: A complete B2B-stage, making the conversion form the generator voltage to the 50/60 Hz 
AC-voltage of the grid 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 24 

A phase voltage created by a three-phase converter as well as one resulting machine phase current 


to the grid. It can be used to adjust the reactive power 
that is exchanged with the power grid. Typically it can 
be used to compensate a shortage of reactive power, 
either due to long inductive lines between the wind 
installation and a strong grid connection point, or 
due to that traditional fixed-speed wind turbines with 
insufficient reactive power compensation is used. 
Moreover, it can be used to stabilize the network in 
case of grid disturbances. 

An SVC is a simpler and cheaper variant, which 
usually has a sufficient operational performance for 
performing the phase compensation. 

Wind Turbine Generating Systems 

A frequently asked question is: Which electrical gener¬ 
ating system is the best, and this question is not possi¬ 
ble to answer. The systems all have good performance 
and the differences in performance versus cost do not 
give a clear answer. However, it is obvious that there has 
been a shift from traditional fixed-speed turbines 
toward variable-speed turbines. 

When it comes to produced energy per swept area 
given a certain average wind speed, all the concepts 
produce a similar amount of yearly energy [9], if really 
old-fashioned fixed-speed turbines, (which were not 
equipped with the two-speed facility as will be 
explained below) are disregarded. 

Typical stator voltages are 690 V. However, the 
voltage levels are slowly moving upward as the power 


increases further above 2-3 MW. A benefit of being 
below 1,000 V is that there are more available service 
technicians. 

Fixed-Speed System 

The fixed-speed wind turbine system was the wind 
turbine system that dominated the market until the 
millennium shift (2000). It is still used today in power 
levels up to 2 MW and is a well-proven design. Often 
this system is referred to as the “Danish concept.” 

This type of wind turbine system is equipped with 
an induction generator which is directly connected to 
the grid. It is not a good solution to have a synchronous 
generator directly connected to the grid in this appli¬ 
cation since it will be too stiff, and cause large stresses 
on the drive train of the turbine (shafts, gearbox). The 
small slip that the induction generator has (0.5-1% at 
rated operation) will give sufficient smoothness. 

Larger turbines of this type (>1 MW) are always 
equipped with the possibility to operate at two specific 
speeds. Either they are equipped with pole-changing 
generators which provides a lower generator output 
with a lower fixed speed and a larger generator rated 
power with a higher, fixed rotor speed. The turbine can 
also be equipped with two separate generators. In this 
way, the energy efficiency is as good for this turbine, 
given a certain rotor swept area and maximum shaft 
torque, as that of a variable-speed wind turbine. Of 
course, a variable-speed turbine is able to convert 
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more of the energy in the wind into shaft power, since it 
can exactly match the rotor speed to the wind condi¬ 
tions, [9], and in this way more of the power available 
in the wind can be converted into mechanical power. 
However, since no power electronics is used, there are 
no losses in a converter system. In addition, the two- 
speed facility still has a very high energy capture from 
the wind. Finally, the fact that the low speed generator 
has a lower flux level gives lower no-load losses, which 
is perfect for low wind speed operation. The turbines 
are as mentioned earlier, stall-controlled (the blades are 
mounted fixed into the hub, and cannot turn around 
their axes), more modern ones with active stall control 
(meaning that the blades turn slightly in order to be 
able to adjust the power level at high wind speeds, also 
adapting to temperature changes and different pressure 
conditions). 

These types of turbines are robust and cheap, since 
the electrical system in principle only consists of an 
induction generator with shunt capacitors connected 
directly toward the grid as presented in Fig. 25. The 
pole-pairs of the generators are either 2 and 3 or 3 and 4 
depending on the preferred speed range of the turbine. 
The first combination gives that the lower rotor speed 
is 67% of the higher one, and the second combination 
that the lower rotor speed is 75% of the higher one. 

A slight drawback is that the starting of an induc¬ 
tion machine requires large currents to magnetize the 


machine. In order to overcome this problem to some 
extent, the turbine is equipped with a soft-starter 
(consisting of antiparallel thyristors) in order to keep 
the currents below rated, when the turbine is being 
connected to the utility grid. 

Phase-compensating capacitors are used to com¬ 
pensate for the no-load reactive power consumption 
of the generator, or in some cases also for full-load 
operation. In order to obtain a better controllability, 
an SVC or a STATCOM can be added in shunt with the 
wind energy unit. 

Smaller units have the transformer connected out¬ 
side the turbine while larger ones have the transformer 
either at the bottom of the tower or up in the nacelle. 
An advantage of having the transformer up in the 
nacelle is that it helps as counterweight towards the 
turbine rotor. 

Fixed-Speed Systems with Variable Rotor Resistance 

The fixed-speed turbine with a variable rotor resistance 
is in principle the same as the previous one, with 
reactive power compensation by capacitors and a soft- 
starter used to keep the currents below rated during the 
process of connecting the turbine to the grid, see 
Fig. 26. The difference is that the rotor resistance can 
be controlled which gives this turbine a limited rotor 
speed controllability and also fault current control 



Wind Power Generator Systems and Local Power System Interconnection. Figure 25 

Simplified electrical scheme of a fixed-speed wind turbine system. Here a two-generator system is presented, one larger 
with a higher rotational speed and higher power and one with lower speed and lower power. It is also possible to have 
so-called pole-shifting generators which can have these two generators in one generator 
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capability. The rotor speed can now be controlled in 
a speed range of about —2% to +5% from the nominal 
one. A difference toward the previously described 
fixed-speed wind turbines is that the fixed-speed 
wind turbine with a variable rotor resistance usually is 
pitch controlled. 

The fixed-speed turbine with a variable rotor resis¬ 
tance was manufactured by Vestas in the 1990s, but the 
production continued for many years for delivery to 
the US market. 

Full-Power Converter Systems 

The full-power converter system gives the highest 
degree of freedom regarding the control of the electrical 



Wind Power Generator Systems and Local Power System 
Interconnection. Figure 26 

Electrical scheme of fixed-speed system with a variable 
rotor resistance 


quantities as well as the mechanical ones. The name 
“full-power converter system” comes from the fact that 
all the produced wind power has to go through the 
converters, which is not the case for the DFIG system, 
which will be explained in a coming section. In this 
concept, the generator is completely decoupled from 
the grid by a power electronic AC/AC-converter 
between the stator of the generator and the grid. This 
means that from a grid point of view, it is irrelevant 
what type of generator is used, or if a gearbox is used or 
not. Siemens uses a cage-bar induction generator while 
General Electric uses a permanent-magnet generator. 
Both these systems are with an ordinary gearbox. 
Recently, more and more manufacturers are taking up 
this concept. Also, the full-power converter turbine is 
pitch controlled. 

In this system, all the power is flowing through 
a DC-link in the converter. The converter consists 
of two sets of DC/AC-converters as the ones presented 
in Fig. 23. The reactive power is completely decoupled 
between the machine and grid side of the DC-link and 
can be produced or consumed separately on each of 
the DC-link sides. In fact, the grid side converter 
can be programmed to work as a STATCOM, in 
addition to its original task of feeding active 
power from the turbine into the grid, with very little 
additional cost. The amount of reactive power that 
can be supported to the grid is determined by the size 
of the grid side converter. This concept is presented 
in Fig. 27. 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 27 

Simple scheme of full-power system 
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Slowly Rotating Generators Which Operate Without 
Gearbox 

The objective of using a slowly rotating electrical gen¬ 
erator, although this will be a much larger generator for 
the same power rating, is that the gearbox can be 
eliminated (or made smaller, since the gear ratio can 
go down), thus saving the cost of the gearbox and 
saving the gearbox losses, in addition to the increased 
reliability. As for many other aspects of wind energy, 
there is no clear answer if it is worth to use a slowly 
rotating generator and removing the gearbox or not. 

An AC-machine operates at a frequency governed 
by the frequency of the voltage applied to the generator 
(for the synchronous machine exactly the same, for the 
induction machine, almost the same, just the slip must 
be considered). However, as mentioned before, there is 
an additional design parameter that can give a certain 
ratio between the applied voltage frequency and the 
rotational speed of the machine and that is the 
pole-pair number. The relation between the applied 
electrical frequency and the mechanical speed as 
a function of pole-pair number is 

Q 

P 

where £2 mech is the mechanical rotational speed and co e \ 
is the electrical angular frequency. The drawback is that 
the large number of poles will make the machine to 
have a very high diameter. In order to reduce the 
needed number of pole-pairs and in this way keep the 
radius down, the supply frequency can be lowered to 
some extent in these systems. In Fig. 28, a sketch 
comparing the difference between the geared system 
and the non-geared system is presented. There is no 
difference in grid interface equipment (converters, etc.) 
between the two systems. 

The directly driven machines can typically be sup¬ 
plied with a slightly lower electrical frequency, for 
instance 20 Hz, corresponding to 120 rad/s giving 
a needed number of pole-pairs of 100-200. For more 
information, the interested reader can in [10] find 
a comparison that is done based on a 500 kW system. 

The largest manufacturer of this type of system is 
Enercon that uses electrically magnetized field 
windings. The consequence is that the rotor diameter 
and thus the whole generator diameter become very 
large. A possibility to have a rotor with a lower 




Wind Power Generator Systems and Local Power System 
Interconnection. Figure 28 

Principle sketch of conventional (geared) and directly 
driven generator, interface with converters to the grid has 
been omitted, but is the same for both systems 


diameter is to use permanent magnets instead of the 
electrically magnetized rotor poles. In addition, 
the efficiency can be increased in this way. 

Doubly Fed Induction Generator Systems 

During the last years (2005-2010), this has been the 
dominating wind turbine type. The converter in this 
turbine is located in the rotor circuit path giving 
a cheap and energy-efficient solution for variable- 
speed operation. The reason is that the converter rating 
only has to handle 20-30% of the turbine rating which 
both gives a lower investment cost and lower losses in 
the power electronic converter. A simplified electrical 
scheme of the system is presented in Fig. 29. 

In the doubly fed induction generator, the currents 
in the rotor are formed by the rotor converter instead of 
only being induced from the stator. Of course, the 
induction from the stator must be considered when 
the rotor currents are being controlled. The rotor cur¬ 
rents can now be controlled with a slip much larger 
than what is possible with a cage-bar induction 
machine. However, in order to handle the induction 
from the stator, the rotor voltage must exceed the slip 
(s) times the stator voltage 

U r > sU s . 

If this criteria is fulfilled, the rotor converter can 
feed in a current having a suitable frequency and in this 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 29 

Electrical scheme of DFIG system 


way obtain a variable-speed operation. The power 
direction is actually from the grid into the rotor at 
low wind speeds, but at high wind speeds, the power 
flows from the rotor toward the grid. 

It can actually be discussed if this is an induction 
machine. It is also possible to feed in DC-currents into 
the rotor, and then it is an electrically magnetized 
synchronous generator. 

For a DFIG system, it is a trade-off between speed 
span and dimensioning of the rotor converter and rotor 
windings. The closer to the synchronous speed of 
the system that the turbine can be operated at, the 
lower the voltage applied to the rotor windings will be 
and also the lower the power transfer, in the rotor 
circuit including converter, in relation to the whole 
power can be. 

Initially it can be thought that it would be favorable 
to have the synchronous speed of the system in the 
middle of the rotor speed interval. However, it is 
more favorable to have the synchronous speed a bit 
higher. The power that goes through the rotor in 
relation to the total power is proportional toward the 
slip in the machine. 

Pr = sP tot 

It is accordingly important to keep the slip low at 
the highest power level. At lower power levels, it is OK 
with a higher slip since the transferred power anyway is 
fairly low. The fact that a variable speed wind turbine 
shall have a low rotational speed at low wind speeds in 
order to follow the optimal power coefficient, C p , and 


an upper speed limit gives a speed-torque operation 
region as presented in Fig. 30. 

From the figure, it can be observed that a rating of 
20% of the full power is sufficient for this turbine and 
the speed span is in principle 50-100%. A full-power 
converter system can operate a turbine at 0-100% of 
the speed; however, 40-100% is what typically is used, 
which means that the rotor speed range of the DFIG 
turbine is almost “full-speed range.” The investment 
cost and the converter losses are thus lower compared 
to the case if the whole energy flow would have had to 
be coped by a full-power converter. However, it should 
be mentioned that the rotor voltage is also propor¬ 
tional toward the slip and the stator voltage 

U R = s\U s \ 
where 

CDs~ CD 

s =- 

CDs 

and where CDs is the synchronous speed. 

From the figure, with the location of the synchro¬ 
nous speed it can from the equations above be 
deducted that the highest rotor voltage will occur at 
the lowest rotor speed. Had the synchronous speed 
been in the middle of the speed span, the maximum 
rotor voltage could have been lower. However, a 
suitable trade-off is to select a bit higher synchronous 
speed as presented in Fig. 30. 

Worth mentioning is about voltage levels of the 
rotor converter. It is beneficial to go up a bit in voltage, 
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Synchronous speed (corresp 50 Hz) 



Wind Power Generator Systems and Local Power System Interconnection. Figure 30 

Rotor speed versus power relation for DFIG wind turbine. The rotational speed 13.2 rpm corresponds to the electrical 
frequency of 50 Hz, accounting for pole-pairs in the generator as well as the gearbox ratio. P C onv=P r 


for the used power level for the converter, since the 
currents then come down. The way that this is done is 
that the number of turns in the rotor typically is higher 
than in the rotor. In this way, the voltage level of the 
rotor is still in the same vicinity as for the stator. 

The energy efficiency of this system can be slightly 
improved by operating the generator in Y for low wind 
speeds and Delta for higher wind speeds [9]. For A-Y 
connections of an electric machine, please consult one 
of the electric machine textbooks. 

The reactive power can easily be controlled to unity 
power factor using the DFIG system. The fact that the 
turbine is of variable-speed type, gives a smooth active 
power output. Since it is a variable-speed turbine, pitch 
control is used, as mentioned earlier. 

A drawback with this system was earlier that it was 
difficult to have a good immunity toward severe voltage 
dips [11]. This is due to the fact that faults in the supply 
network creates large over-currents in the rotor for 
which the power electronic converter is not designed. 
Today (2011) solutions to handle these severe grid 
disturbances are provided by the manufacturers. 

Power Quality Impact 

The voltage in the grid should ideally consist of one 
sinusoidal component 50 or 60 Hz and nothing else. 


The magnitude of this voltage shall always be the same 
and in the three-phase system the voltages shall be 
separated 120° apart. In this case, the power quality is 
excellent. Any deviation, such as harmonics, voltage 
level variations, deviations in frequency, etc., is 
a negative power quality impact. In case the deviations 
become too large, then there is a risk for having power 
quality problem [7]. 

Traditionally, there has been a fear for negative 
power quality impact from wind turbines. However, 
this fear has more been based on uncertainties rather 
than on facts, in particular there has been a fear about 
flicker problems, but hardly any has been reported. 

Anyway, in the beginning, the wind turbines did 
not have the best power quality impact, so they could 
be said to be passive grid disturbers. However, today 
modern turbines have a very good power quality 
impact, and they can even reinforce the grid. So, it 
can be said that wind energy converters have gone 
from being passive grid disturbers to being active 
grid-reinforcing units. 

Power Quality Aspects 

Definition of Equivalent Network A power system 
consists of a large amount of nodes connected together 
by power lines, as the one presented in Fig. 31. 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 31 

Meshed network, in this case based on the Cigre Nordic 32-bus system 


In order to perform calculations on the voltage level 
influence that a new power unit would have on the grid, 
as well as to determine possible fault currents, 
a network equivalent is constructed, consisting of an 
infinitely strong voltage source, and an impedance, 
according to Fig. 32. 


An infinitely strong voltage source is used, in the 
picture it is here represented by a nuclear power sta¬ 
tion, but consists in principle of all objects connected to 
grid. From this infinitely strong voltage point, an 
impedance is defined to a grid connection point called 
PCC, Point of Common Connection. In case that there 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 32 

Definition of network impedance, that is, a line with an equivalent impedance and an infinitely strong voltage source 
behind the impedance, making up the PCC calculation point 


would be a short-circuit in the PCC, a short-circuit 
current would appear with a value of 

r _ 

SC V3Z SC - 

A commonly used term is the grid strength, and it is 
defined as 

Ssc = \/3£/ n /sc 

often called short-circuit capacity of the grid, y/3 is 
a factor originating from the calculations used for a 
three-phase system, but is not needed to comprehend 
in order to follow the calculation setup. 

When a new power source, for instance a wind 
turbine installation is going to be connected to the 
grid, a grid strength and information of the grid 
impedance is obtained from the responsible utility, 
from which the equivalent resistance and reactance 
can be determined. The relations are 

R sc = Z sc cos(i l/ sc ) 

X sc = Z sc sin(i// sc ) 

where is the grid short-circuit impedance angle, 
Rso A sc , and Z sc are the grid short-circuit resistance, 
reactance, and impedance, respectively. 


Voltage Level Influence in PCC Now, if an energy 
production is connected to the PCC the voltage 
increase would be 

AU — R sc I active T Z sc / reac tive 

where J act i ve and /reactive are the active and reactive 
powers coming from the energy production unit, for 
instance a wind farm. 

The active and reactive current components can be 
found as 

7 

1 active — TT 

Un 

and 

j . __Q 

^reactive — TJ • 

D n 

Worth noting is that the reactive power, Q, can be 
altered for variable-speed wind turbines and the 
voltage influence can then be controlled. Keeping Q 
to 0, gives lowest line losses and is what today (2011) 
typically is done, meaning the power factor, PF = 1. 

The utility has to keep the voltage levels within 
certain limits. In Sweden, EN50160 states ±10% on 
lower voltage levels. Since other loads are connected 
to the lines as well as the fact that there is a need for 
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safety margins, a wind turbine installation could be 
allowed to vary the voltage level within a few percent. 
As can be noted from the equation above, the voltage 
level will increase as the power production increases. As 
mentioned above, the reactive power exchange with the 
grid can be used to control the voltage level. Today 
(2011) this option is rarely used, since the overall 
control of the power network could become more 
complicated if a lot of distributed generation tried to 
control the voltage levels in their vicinity. 

Voltage Level Influence at the Turbine The wind 
energy installation could also have a certain 
distance to the PCC and then there will of course also 
be a voltage difference between the wind turbine 
installation and the PCC, see Fig. 33. The line resis¬ 
tance, reactance, and impedance are denoted as X L , X L , 
and Z L . 

The resulting voltage variation at the turbine com¬ 
pared to PCC then becomes 

AC — -PlF aC tive T ^L/reactive* 

Voltage Fluctuations and Flicker Emission 

The varying wind speed and also the mechanical design 
of a wind turbine cause a varying output power. This 
varying output power then causes voltage variations on 


the grid to which the turbine is connected to. The 
observation from customers on a quickly varying volt¬ 
age disturbance is that light bulbs start to blink. In [ 12] , 
it is stated how the flicker evaluation should be con¬ 
ducted, based on experiments made more than half a 
century ago on when people started to detect a flickering 
light from an incandescent light. The result of using the 
flicker algorithm is the flicker severity index values, one 
10 min value and one 2 h value, P st and Pi t . If these values 
reach 1, most people start to get annoyed and some 
persons already can note a flicker level of 0.7. National 
regulations state how much flicker a wind turbine may 
contribute with to the grid. A typical value is 0.25 in P lt . 
The sensitivity for a flickering lamp is as most sensitive 
for a frequency of 1000 changes per minute giving 
a frequency of 9 Hz, where only a 0.3% variation in 
the voltage magnitude can be observed. In Fig. 34, the 
sensitivity limit as a function of frequency is given. 

The standard IEC 61400-21 gives a guideline of 
how the flicker originating from a wind turbine shall 
be determined. The current coming from the wind 
turbine shall be recorded and fed into a fictitious net¬ 
work using various grid angles. The strength of the 
fictitious network (S kjfic ) shall be 50 times the rating 
of the wind turbine 

Ssc,fic = 50 5 n 
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Wind turbine attached to the grid as well as calculation of voltage level influence 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 34 

Limit for when a voltage variation can be detected by the eye 


according to [13]. After having determined the ficti¬ 
tious flicker emission, P stjfic on this fictitious network, 
a dimensionless flicker coefficient Cf is formed as 

— 50P s t fj c 

which then can be used to determine what flicker 
contribution a turbine will create on a grid to which 
it is being connected. The flicker coefficient shall be 
determined for four different grid short-circuit imped¬ 
ance angles, *F SC , 30°, 50°, 70°, and 85°. 

The development of modern variable-speed wind 
turbines has led to a situation where the flicker emis¬ 
sion is not a problem today. In addition, when several 
turbines are connected in a group, these have 
a tendency to even out the power pulsations, and 
accordingly giving an even lower flicker emission. IEC 
61400-21 states 

Pst = V^Pstjnd 

where P s t,ind is the flicker emission from one single 
turbine and N is the number of turbines. However, 
according to [14, 15] the equation above underesti¬ 
mates the flicker emission from a whole wind park, in 
particular if traditional fixed-speed wind turbines are 
used. The reason is that the flicker emission does not 


only originate from the wind turbines, also the grid 
itself imposes voltage disturbances on the turbines, 
which they reflect back as flicker emission. These 
reflected disturbances all come in the same phase 
from all wind turbines, and that is the reason why the 
equation above might give a bit too optimistic results. 

A final comment is also that incandescent lights will 
slowly be outshifted due to their poor energy efficiency 
and in Europe this is driven by a legislative process that 
already is ongoing. 

Harmonics Any period waveform can be composed 
by a number of sinusoidal components, according to 

oo 

m = i+Y,°* cos (neat) + b n sm(ncot) 

2 n= 1 

where 

2 P 0+r 

a n = — f(t ) cos (ncot)dt 

T Jto 

and 

2 f to+T 

b n =^\ f(t)sm(ncot)dt. 

1 J t 0 
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In Fig. 35, an example of a square wave and its decom¬ 
position into Fourier components is shown. 

Harmonics can occur both in voltage and in cur¬ 
rent. A wind turbine (or other components attached to 
the grid) can inject current harmonics into the grid. 
Depending on how strong the grid is, this will result in 
harmonics in the voltage. A strong grid will be less 
affected while a weak grid will be more substantially 
affected. 

The voltage in the grid can never in reality be 
without harmonics, and these harmonics could disturb 
attached equipment, such as wind turbines. It is the 
responsibility of the grid owner to ensure that there are 
not too much harmonics in the grid. 

The wind turbine in itself seldom gives rise to 
problems with harmonics. However, wind turbines 
connected to a local grid with cables, transformers, 
and inductors may as a combination amplify 
harmonics. Examples from literature [15] show that 
individual harmonics can be amplified at least three 
times. These local resonances is one concern regarding 
the failing transformers and generators in certain sea- 
based wind farms, so care has to be taken regarding 
PWM-patterns of switching converters and the 
operation of breakers, in particular vacuum breakers. 
For more details regarding PWM patterns, see 
Sect. Power Electronics - Converter. It should be 
pointed out that single wind turbines with PWM- 
converters provide sufficient filtering so without 
a local resonance there will not be a problem with 
harmonics. 


Fixed-Speed Wind Turbines 

Steady-State Influence 

Earlier, fixed-speed systems did not have a real reac¬ 
tive control ability. They had a capacitor connected 
to the stator terminal compensating for the no-load 
consumption of the turbine, which gave a voltage pro¬ 
file, depending on the network type, according to 
Fig. 36. 

In a network with a grid strength (S sc ) of 20 times 
the strength of the connected network, the voltage level 
influence for three different network angles is 
presented in Fig. 37. In this figure, the reactive power 
at no-load that the induction generator needs, has been 
compensated for using capacitors. That is why the 
voltage change is zero for zero power. Otherwise, the 
produced power-voltage relation would be different. 

Another point that needs to be addressed regarding 
Fig. 37 is that today capacitor banks are often 
connected in stages, which are used to keep the power 
factor close to unity for various operating conditions. 
This would mean that the voltages in Fig. 37 would 
increase somewhat. In principle, more capacitors could 
be connected and used for reactive power control and 
such solutions are offered by manufacturers of this type 
of turbine. Full-power converter systems and well as 
DFIG systems have an inherent possibility to control 
the reactive power and in the base case, the reactive 
power is kept as close to zero as possible. The result 
from a voltage level point of view is actually negative, 
since the reactive current no longer brings the voltage 
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Square wave and its decomposition into Fourier components 
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Wind Power Generator Systems and Local Power System 
Interconnection. Figure 36 

Reactive power consumption as a function of active power 
for a traditional 180 kW wind turbine generator. Phase- 
compensating capacitors are installed compensating for 
the no-load consumption of reactive power by the wind 
turbine induction generator 



Wind Power Generator Systems and Local Power System 
Interconnection. Figure 37 

Voltage level influence of a traditional fixed-speed wind 
turbine on a network with a grid strength of 20 times the 
rating of the wind turbines. Three different grid angles, ^ 


level down, the voltage level will now be slightly higher 
given the same active power production. 

Flicker Emission 

Due to the inability of the fixed-speed systems to take 
up an incoming increase in the torque to the generator 



Wind Power Generator Systems and Local Power System 
Interconnection. Figure 38 

Output power spectrum of a fixed-speed wind turbine 


by adjusting the rotor speed, these torque variations go 
through the system. In Fig. 38, the power spectrum 
from a fixed-speed turbine is presented. 

The reactive power will also vary and the conse¬ 
quence is of course that the voltage level on the adjacent 
network will vary. In Fig. 39, such a variation is 
presented close to a wind park consisting of three 
180 kW turbines in a rural area. 

In order to validate the severity of this pulsation, it 
is decomposed into its frequency components and 
presented as a function of fluctuation frequency 
together with the flicker limit line in Fig. 40. 

There are several reasons for the unevenness of the 
power. The major reason is that the wind speed changes 
and thus the power production. In addition, the wind 
speed over the rotor disc is not constant, instead the 
wind speed across the rotor disc varies, and when the 
rotor rotates in this wind field, power pulsations are 
created. Figure 41 tries to illustrate this behavior. 

Apart from the variations that originate from the 
fluctuations that come from the wind, the turbine in 
itself as well as the generator also contribute to the 
output power spectrum. 

Important to mention is that not only the turbine 
itself creates a flicker impact, the adjacent grid will 
also contain variations that through the turbine 
becomes flicker. Typically, this is the case for higher 
frequencies, [14]. 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 39 

Voltage level variations close to an older fixed-speed wind turbine 



f [Hz] 


Wind Power Generator Systems and Local Power System 
Interconnection. Figure 40 

Voltage spectrum close to a fixed-speed turbine and in red 
the flicker limit 


The flicker coefficients were earlier up to about 8 for 
fixed-speed turbines, but today the flicker coefficients 
are usually lower. 

For a variable-speed turbine, the incoming 
mechanical power has the same behavior. However, 
a very important aspect is that for the variable-speed 
turbines, this torque/power variation is taken up 


by small rotor speed adjustments, and the power 
pulsations do not come out to the grid. Accordingly, 
these “rotational-formed oscillations” are not visible in 
the output power from variable-speed turbines. 

Special Considerations for the Start-up of 
a Fixed-Speed System 

When a fixed-speed wind turbine is to be connected to 
the grid, the generator needs to be magnetized, which 
gives rise to a high current, seen in Fig. 42 below 
between 1 and 2 s. 

Thanks to the soft-starter, the current is limited to 
a value below the rated current which in this case 
was a peak value of 400 A. Between 2 and 3 s the no- 
load-current of the generator can be observed. Then at 
the time instants 3.3 and 4.2 s two capacitor stages are 
connected and the current finally almost become zero. 
The consequence on the voltage level during the con¬ 
nection then becomes as presented in Fig. 43. 

In IEC-61400-21 it is stated that a voltage change 
factor and a flicker step factor shall be determined. For 
variable-speed turbines, these coefficients become 
rather unimportant; however, for fixed-speed turbines 
they can be a limiting factor regarding the installation 
of such a turbine on a weak network. 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 41 

Blade rotation and resulting torque forming on the individual blades as well as the average torque formation 




Wind Power Generator Systems and Local Power System 
Interconnection. Figure 42 

Inrush current when connecting a traditional fixed-speed 
wind turbine 


Wind Power Generator Systems and Local Power System 
Interconnection. Figure 43 

Voltage level during the connection of a traditional fixed- 
speed turbine, ratio between Pn/Ssc is around 40 


DFIG and Full Converter Turbines 

Steady-State Influence 

The variable-speed systems have an excellent reactive 
power control ability which can be used for voltage 


control, but it is seldom utilized today. Using a power 
factor (PF) of one, the voltage level influence then 
becomes as presented in Fig. 44, using a grid strength 
20 times the rating of the wind turbine. However, 
by using a variable power factor, as the traditional 
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Wind Power Generator Systems and Local Power System 
Interconnection. Figure 44 

Voltage level influence by a fixed-speed ( dashed ) and 
variable-speed (or modern fixed-speed) wind turbine 
[solid). The fixed-speed turbine is assumed to have 
a variable power factor while the variable-speed turbine is 
assumed to have a constant power factor of 1 

fixed-speed turbines, at least the older ones do, the 
voltage variations are actually lower, as seen in the 
figure. As long as the maximum current level of the 
turbine or line is reached, it is possible to completely 
eliminate the voltage variations due to the varying 
power production, by an appropriately selected reac¬ 
tive power injection. 

If a system is designed to have an extra reactive 
power ability, apart from the voltage level control, this 
can also be useful during fault situations, and the 
electrical system must in some parts be rated to handle 
a higher current. 

In the DFIG system, reactive current and thus reac¬ 
tive power can easily be generated through the genera¬ 
tor, while the full-power system needs a larger grid side 
converter to produce reactive power for the grid. This is 
especially true when the wind turbine is operating at 
full power, then there is in the original design no room 
for reactive power production. For a full-power con¬ 
verter system an over dimensioning of the grid side 
converter by 8% gives a possibility to produce or 
consume more than 40% reactive power also at rated 
power operation. One large manufacturer of full-power 
converter wind turbines has a grid side converter that 
has a 40% over current capacity. For the DFIG it is 
also possible to generate reactive power, however, not 


as easily using the grid side converter as for the 
full-power converter system. 

At lower wind speeds, the turbine can consume or 
produce reactive power without an over-dimensioned 
grid side converter. 

An interesting possibility is thus that a DFIG or 
full-power converter wind turbine system can act as 
a STATCOM when the wind turbine is standing still 
due to low wind. 

Flicker Emission 

Variable-speed turbines have the ability to control the 
rotor speed. In this way, the disturbances that originate 
from the wind as well as from the mechanical design of 
the turbine can be taken up as speed variations. In case 
the speed variations become too large (in particular 
that the rotor speed becomes too high at high wind 
speeds), the pitch control can be used to take the 
turbine back to proper rotor speeds. In addition, the 
converter also makes it possible to reduce the wind 
generating system’s response to disturbances that are 
already existing in the grid. The result is that variable- 
speed turbines have flicker coefficients, c f , of between 
1.5 and 4, define depending on the grid impedance 
angle and average wind speed. 

Active Power Control for Wind Turbines 

Normally wind turbines are not used for load leveling, 
since this would mean loss of produced energy. How¬ 
ever, with the exception of fixed-speed turbines with¬ 
out pitch control mechanism, wind turbines can be 
used for this purpose (as spinning reserve), but, this 
requires that the turbines are not operating at their 
maximum power production point, but instead with 
a reduced value. In the case that the network needs 
more power, the production can now be increased to 
the maximum one. 

Already, grid codes, for instance that of ELTRA, 
suggest that this feature should be included in the 
control of a wind turbine, at least if it is a part of 
a large wind farm. 

Harmonic Current Emission from Wind Turbines 

Fixed-speed turbines emit harmonic currents mainly 
because voltage harmonics exist in the grid and these 
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are “mirrowed” in the current coming out of the gen¬ 
erating system. In addition, the electric generator in 
itself also contributes with harmonic currents, since the 
design cannot be completely sinusoidal. However, these 
harmonic current emission levels are usually very low. 

Converter-operated wind turbines, of course emit 
harmonics, since they are equipped with power elec¬ 
tronic converters. 

Full-power converter systems typically inject har¬ 
monic currents having a frequency of one or a couple of 
kHz. The turbines are equipped with harmonic filters, 
so that the current emissions are below the ones stipu¬ 
lated in the standards. Figure 45 depicts the harmonic 
current emission from a wind farm consisting of seven 
variable-speed wind turbines. 

From the figure, it can be noted that generally the 
total harmonic current distortion is below 1.3% for this 
wind farm, which is a level far below usual limits. 

Behavior During Network Faults 

Fault Behavior and Requirement on Fault Behavior 

Also during deviations in voltage and frequency, the 
wind turbines should continue to stay on line. For 
various regions, the valid grid code put requirements 
of the immunity level toward voltage and frequency 
deviation that the wind energy installation should be 
able to cope with. One example, however valid for 
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Wind Power Generator Systems and Local Power System 
Interconnection. Figure 45 

Total harmonic current distortion (THDj) from a wind farm 
consisting of seven variable-speed wind turbines 


a whole wind farm connected to a high voltage level 
from E.ON Netz is shown in Fig. 46. 

Although this requirement is for a large wind farm, 
at the end it still puts the demands on the individual 
wind turbines. 

For each country, there is a specific grid code that 
states a reference voltage dip curve which future 
wind energy installations must be able to handle 
(Ride Through). Some grid codes specify the voltage 
curve at the PCC (Point of Common Connection, 
which means where the wind turbine installation is 
connected to the grid) while others, for example, the 
Swedish, states certain points in the main national 
network, in the Swedish system, the meshed 400 kV- 
system. If the grid codes specify the voltage behavior 
immunity level at PCC, it means that potential wind 
energy installation installers accordingly must do more 
advanced calculations (dynamic simulations) to check 
that their installation will meet this requirement. 
Depending on the various regions, there are different 
demands that shall be fulfilled. In Fig. 47, some 
examples are given. 

Fixed-Speed System 

The response of a fixed-speed wind turbine is much 
dominated by the direct connection between drive 
train, generator, and grid. As induction generators in 
general, a reduced grid voltage may lead to excessive 
reactive power consumption by the turbine if the wind 
speed is somewhat high. In addition, there is a risk that 
a fixed-speed turbine can overspeed in case of a too low 
voltage, due to the fact that the electromagnetic ability of 
an induction generator deteriorates quickly at lower grid 
voltages. 

Whenever there is a quicker change in the supplying 
voltage, the generating system of the wind turbine 
reacts strongly. The fixed-speed system contributes 
with a fault current according to an induction motor, 
but driven with a negative load. Again, the system has 
a limited ability to control the fault currents. In Fig. 48, 
the measured response to a fairly small voltage distur¬ 
bance for a fixed-speed wind turbine is presented. As 
can be noted in the figure, the resulting electric output 
power oscillations range up to rated power, although 
the voltage dip is not unusually large, only about 10%. 
The real consequence is if the voltage adjacent to the 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 46 

Operational requirements regarding staying on line as a function of voltage level and frequency 



Wind Power Generator Systems and Local Power System 
Interconnection. Figure 47 

Examples of required under-voltage immunity for wind 
energy installations 

turbine is influenced in such away that it would disturb 
customers. And, in the example presented in Fig. 48, 
the turbine response would NOT cause any noticeable 
problems for nearby customers. 

No recording of a short-circuit for fixed-speed wind 
turbine was available. In Fig. 49, the result from a 15 kW 


machine exposed to a three-phase short-circuit is 
presented. In the figure, the currents are presented 
instead of the power. The peak currents are about seven 
times the rated ones. In this case, the voltage on the 
adjacent grid is anyway very severely disturbed, so the 
currents taken by the induction machine do not deterio¬ 
rate the voltage quality for the nearby customers further. 
However, the wind turbine would be severely disturbed 
and would have to be disconnected from the electrical 
network. Overspeeding and overcurrent could damage 
the fixed-speed turbine. However, newer regulations 
today about under-voltage immunity, put harder restric¬ 
tions on the wind turbines, also fix-speed ones, regarding 
whether the turbine is allowed to disconnect or not. 

Earlier fixed-speed systems could not ride-through 
voltage disturbances. However, today a large manufac¬ 
turer of a fixed-speed system provides a ride-through 
facility that is sufficient for the whole of Europe. 

Fixed-Speed System with Active Pitch Mechanism 

The fixed-speed systems with active pitching mecha¬ 
nism can to some extent use the pitch controller to 
provide a varying output that can be used to counteract 
a need from the grid. It is possible to change from 100% 
to 20% production within a couple of seconds. 
Till date, the turbines have not been designed for 
power/frequency control. 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 48 

Voltage magnitude and resulting electric power response for a fixed-speed turbine 



Time (s) 


Wind Power Generator Systems and Local Power System 
Interconnection. Figure 49 

Currents from a 15 kW machine following on a three-phase 
short-circuit, solid lines are measurements and dashed 
lines are simulated values 

DFIG System 

The immunity toward grid disturbance is for the stan¬ 
dard DFIG turbine low, due to the small rotor con¬ 
verter used in this system. At a larger voltage dip, the 
rotor currents become too large. Only dips with 
a remaining voltage higher than 75-85% could be 
handled. In the original DFIG system the fault currents 
were similar or worse than for a fixed-speed system. 
When a larger fault occurred, this turbine had to 
quickly (within about 40 ms) be disconnected from 
the network. In Fig. 50, the response to a smaller 
voltage dip is presented and in Fig. 51 the response to 
a short-circuit. The smaller voltage dip is as noted, very 
well handled by the DFIG system, while the short- 
circuit, the turbine cannot handle. 


In order to improve the immunity level to deal with 
the new grid codes, additional equipment must be 
added. 

When the turbine is not allowed to be disconnected 
due to a disturbance, there is a surplus of power that 
will lead to overvoltages in the power electronics. The 
surplus of power is caused by the fact that when 
the voltage is low, the power that can be fed out into 
the electrical network is limited, since the current can¬ 
not be higher that the rated one. If the voltage is 0, no 
power can be fed out to the network. Then two things 
can be done. One is that the turbine is allowed to speed 
up a bit while the pitch goes into action and reduces the 
incoming power. When the voltage returns, the turbine 
can be pitched back to its pre-fault operating condi¬ 
tion. However, this takes a while which is undesirable 
since from a power network stability point of view, it is 
desirable to have the pre-fault power production 
immediately when the voltage returns. Instead an alter¬ 
native approach can be used. If the incoming power is 
kept constant, then the difference toward the power 
that can be fed out into the network can instead be 
dissipated by the turbine. For this purpose, typically 
power-electronic controlled resistors “breaking 
choppers” can be used. 

Changes that can achieve this functionality are the 
insertion of power-electronic controlled resistors in the 
power electronic circuits, as mentioned above, or by 
using over-dimensioned power semiconductors. In 
Fig. 52 below a crude scheme for a ride-through system 
for a DFIG turbine is presented. A key component in 
the ride-through systems is the “breaking chopper” 
where the power that cannot be supplied into the grid 








































Wind Power Generator Systems and Local Power System Interconnection 


W 


12167 




Time [s] Time [s] 




Time [s] Time [s] 

Wind Power Generator Systems and Local Power System Interconnection. Figure 50 

Measured response to a minor voltage dip by a DFIG system 


during the disturbance is dissipated. The breaking 
chopper can also be located on the AC-side. 

In Fig. 53, a photo of the DC-link chopper is 
presented for such a system. 

A photo of the AC-side crowbar for a wind turbine 
equipped with under-voltage immunity functionality 
is presented in Fig. 54. 

These additions can nowadays (2011) be considered 
as state of the art. In Fig. 55, a recorded voltage wave¬ 
form on a 2 MW DFIG system with a ride-through 
ability function is presented. 

The current through the breaking chopper has the 
appearance as presented in Fig. 56 during the fault. 

The resulting active and reactive power response is 
depicted in Fig. 57. 

From the figure, it can be noted that the turbine 
very well manages to handle this voltage disturbance. 

Full-Power Converter System 

Any suitable fault current can be provided as long as the 
current rating of the converter valves is not exceeded. 
Observe that the contribution to the short-circuit 


power of the grid usually is much lower for a vari¬ 
able-speed wind turbine than for a conventional syn¬ 
chronous generator connected directly toward the grid. 
This means that since a modern wind turbine with full- 
power converter has a very low fault current, it will be 
required to perform a review of the protection settings 
if such turbines are to be installed into a system in great 
numbers. 

Comparison of Systems 

Comparisons of the various systems can be found in 
literature, so they will not be repeated here, and also the 
fact that in order to improve the grid performance 
several improvements have been made during the 
years, blending the properties of the system, leads to 
the fact that no such comparison is shown here. 

The most important question is “What is the cost 
for each produced kWh for a unit that fulfills the grid 
codes,” and all systems can be made to fulfill the 
requirements, so it is mainly an issue of cost. For all 
systems there exist technical solutions, often using 
power electronics to obtain the desired performance. 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 51 

Measured response to a larger voltage dip (a short-circuit in the feeder) by a DFIG system 



Wind Power Generator Systems and Local Power System 
Interconnection. Figure 52 

Example of a ride-through system of a DFIG wind turbine 
system 


Future Directions 

It is never easy to predict what will happen in the 
future, but some qualified guesses are possible to 
make. For sure the wind turbines will continue to 
increase in sizes, but where the upper economical size 
will be in the future, is not easy to predict. Moreover, 
the trend that more and more wind turbines will be 
power electronic driven seems also to be continuing. 
The reduction of losses in power electronic compo¬ 
nents could lead to the condition that the full-power 
converter system could be more favorable compared to 
the DFIG system. The permanent-magnet multipole 
generators seem from a research point of view to have 
a great potential; however, they today (2011) seem not 
yet to have reached industrial readiness at full scale. 

Today (2011) there exist usually generating systems 
with a full-range gearbox (around three gearing stages) 
or no gearbox with a machine with a high number 
of poles. A possible development in the future is 
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Wind Power Generator Systems and Local Power System 
Interconnection. Figure 53 

Breaking resistors on the DC-link, black round "cans" in the 
left part of the picture. Blue objects are current sensors and 
the white plastic covers contain the transistors used to 
control the current through the breaking resistors 


Voltage dip: 2008-07-12 at 16:03 
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Wind Power Generator Systems and Local Power System 
Interconnection. Figure 55 

Voltage waveform on July 3, 2008, on a DFIG turbine 


Voltage dip: 2008-07-12 16:03 
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Wind Power Generator Systems and Local Power System 
Interconnection. Figure 56 

Current through the breaking chopper 



Wind Power Generator Systems and Local Power System 
Interconnection. Figure 54 

AC-crowbar, at the bottom of the picture 


Voltage dip: 2008-07-12 at 16:03 
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Wind Power Generator Systems and Local Power System 
Interconnection. Figure 57 

Active and reactive power response due to a voltage dip 
down to almost 0% remaining voltage 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 58 

Series DC wind park 
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Wind Power Generator Systems and Local Power System Interconnection. Figure 59 

Full bridge isolated boost converter suitable for a wind turbine with DC as output 


that machines and gearboxes could become more 
integrated, and also perhaps one or two gearing stages 
could be combined with machines having an interme¬ 
diate number of poles. 

A possible future that means greater changes com¬ 
pared to the ones that have been mentioned above, is 
that HVDC-networks might be a reality in future 
sea-based wind farms. In such a case, the generating 
systems should be designed in such a way that they feed 
out DC in an appropriate way. In [16] a system based 
on wind turbines connected in series on their 
DC-outputs is presented according to Fig. 58. 


In Fig. 59, an example of how the converter system 
for such a “DC wind turbine” could look like is 
presented. 

Abbreviations 

AC Alternating current 

DC Direct current 

IM Induction machine 

PE Power electronics 

PF Power factor 

THD Total harmonic distortion 
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THDi Total harmonic distortion for the current 
X(n) Harmonic number 
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Magnetic flux [T] imaginary quantity 

Capacitance [F] 

Force [Nm] 

Aerodynamic power coefficient 
Current [A] 

Complex current vector [A] 

Active (quadrature axis) and reactive 
(direct axis) current [A] 

Inertia [kgm 2 ] 

Inductance [H] 

Number of turbines 
Number of turns in a transformer 
Power transmitted by a converter [W] 
Electric power [W] 

Short-term flicker severity index 
Short-term flicker severity index 
individual turbine 
Long-term flicker severity index 
Power loss [W] 

Mechanical power [W] 

Rotor, stator, and total power [W] 
Available power in the wind [W] 
Reactive current [VA] 

Resistance [Q] radius [m] 

Line resistance [Q] 

Short-circuit resistance [Q] 

Slip 

Apparent power [kVA] 

Short-circuit capacity [VA] 

Fictitious short-circuit capacity [VA] 
Rating of wind energy installation 
[VA] 

Torque [Nm] 

Electrodynamical torque [Nm] 

Shaft torque [Nm] 

Wind torque [Nm] 

Voltage [V] 

Complex voltage vector [V] 

Primary and secondary voltage [V] 
Rated voltage [V] 

Rotor and stator voltage [V] 
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Peak and rms-value of voltage [V] 
DC-link voltage [V] 

Energy [Ws] 

Wind speed [m/s] 

Reactance [Q] 

Line reactance [Q] 

Short-circuit reactance [Q] 

Line impedance [Q] 

Short-circuit impedance [Q] 

Flicker coefficient 
Induced voltage [V] 

Phase currents [A] 

Rotational speed [rpm] 

Instantaneous power [W] pole-pair 

number 

Distance [m] 

Time [s] 

Phase voltages [V] 

Voltage variation [V] 

Phase angle between voltage and 
current [Degree] 

Flux [Wb] 

Short-circuit angle [Degree] 

Stator rotor, magnetizing flux linkage 
(“flux”) [Wb] 

Rotor speed [rad/s] 

Load angle [deg] 

Tip-speed ratio 
Speed [rad/s] 

Electrical speed [rad/s] 

Synchronous speed [rad/s] 


Bibliography 

Primary Literature 

1. Vestergaaard J, Brnadstrup L, Goddard RD (2004) A brief history 
of the wind turbine industries in Denmark and the United 
States. In: Academy of International Business (Southeast USA 
Chapter) conference proceedings, November 2004, pp 322-327 

2. Dorf RC, Svoboda JA (2004) Introduction to electric circuits, 
6th edn. Wiley, New York. ISBN 0-471-44795-1 

3. Mohan N, Undeland T, Robbins W (2003) Power electronics. 
Wiley, New York. ISBN 0-471-22693-9 

4. Cheng DK (1993) Fundamentals of engineering electromag¬ 
netics. Prentice Hall, Upper Saddle River. ISBN 0-201-56611-7 

5. Hughes A (2009) Motors and drives-fundamentals, types and 
applications. Elsevier. ISBN-13: 978-0-7506-4718-2 

6. Mohan N (2003) Electric drives - An integrative approach. 
MNPERE. ISBN 0-9715292-1-3 


W 




12172 


Wind Power Generator Systems and Local Power System Interconnection 


W 


7. Krishnan R (2001) Electric motor drives-modelling, analysis 
and control. Prentice-Hall. ISBN: 0-13-0910147 

8. Heier S (1998) Wind energy conversion systems. Wiley, 
New York. ISBN: 0 471 97143 X 

9. Petersson A (2003) Modeling and control of doubly-fed induc¬ 
tion generators for wind turbines. Licentiate thesis, Depart¬ 
ment of electric power engineering, Chalmers University of 
Technology, Goteborg, Sweden 

10. Grauers A (1996) Design of directly driven permanent magnet 
generators for wind turbines. Doctoral thesis, Chalmers 
University of Technology, Gothenburg, Sweden 

11. Petersson A et al (2005) Modeling and experimental verifica¬ 
tion of grid interaction of a DFIG wind turbine. IEEE Trans 
Energy Conver 20(4):878-886 

12. IEC 61000-4-15, Testing and measurement techniques - 
Flickermeter - Functional and design specifications. Advanced 
Test Equipment Corp, San Diego, CA 

13. IEC Standard 61400-21 (2001) Wind turbines measurement 
and assessment of power quality characteristics of grid 
connected wind turbines, 1st edn. Bureau Central de la IEC/ 
CEI, Geneve 

14. Thiringer T, Petru T, Lundberg S (2004) Flicker contribution 
from wind turbine installations. IEEE Trans Energy Conver 
19(1 ):157—163 

15. Thiringer T (1996) Power quality measurements performed on 
a low-voltage grid equipped with two wind turbines. IEEE 
Trans Energy Conver 11 (3):601 -606 

16. Lundberg S, Thiringer T (2009) Design considerations for 
a power electronic converter for series connection of wind 
turbines. In: Second EPE - Wind energy chapter seminar, April 
23-24, 2009, Royal Institute of Technology, Stockholm, 
Sweden 

17. Thiringer T (2007) Experimental experiences of the summa¬ 
tion of flicker contribution from individual wind turbines in 
a wind park. In: 9th international conference on energy 
and power systems, IASTED 2007, Clearwater, Florida, USA. 
January 3-5 

Books and Reviews 

Abdulahovic T (2009) Analysis of high-frequency electrical tran¬ 
sients in offshore wind parks. Thesis, Department of electric 
power engineering, Chalmers University of Technology, 
Goteborg, Sweden 

Ackermann T (2005) Wind power in power systems. Wiley, 
Chichester 

Akhmatov V, Eriksen PB (2007) A large wind power system in 
almost island operation - A Danish case study. IEEE Trans 
Power Syst 22(3):937-943 

Bollen MHJ, Gu IYH (2006) Signal processing of power quality 
disturbances. Wiley, Canada 

Bongiorno M, Petersson A (2009) Development of a method for 
evaluation of wind turbines ability to fulfil Swedish grid codes. 
Elforsk report 09:25, Elforsk, Frederiksberg 

Burton T et al (2001) Wind energy handbook. Wiley, Chichester 


Cardell JB, Anderson CL (2009) Estimating the system costs of wind 
power forecast uncertainty. In: IEEE power & energy society 
general meeting, 2009. PES '09, 26-30 July 2009 
Chen Y, He Y, Bao Y, Shen J (2008) Present situation and future 
development of wind power in China. In: 3rd IEEE conference 
on industrial electronics and applications, 2008. ICIEA 2008, 
3-5 June 2008 

Dell RM, Rand AJ (2004) Clean energy. Royal Society of Chemistry, 
Cambridge 

Elkington K (2009) Modelling and control of doubly fed induction 
generators in power systems. Royal Institute of Technology, 
Stockholm, Sweden 

Evans J, Shawwash Z (2009) Assessing the benefits of wind power 
curtailment in a hydro-dominated power system. In: CIGRE/ 
IEEE PES joint symposium on integration of wide-scale renew¬ 
able resources into the power delivery system, 2009, 29-31 
July 2009 

Fadaeinedjad R, Moallem M, Moschopoulos G, Bassan S (2007) 
Flicker contribution of a wind power plant with single and 
multiple turbine representations. In: IEEE electrical power con¬ 
ference, 2007. EPC 2007, Canada, 25-26 Oct. 2007 
Fang C (2009) Practical problems and coping strategies of wind 
power industry in China. In: World non-grid-connected wind 
power and energy conference, 2009. WNWEC, Nanjing, 24-26 
Sep 2009 

Fang C, Bao C, Qi W (2009) The construction goals and spatial 
layout project of the offshore three Green Gorges in China. In: 
World non-grid-connected wind power and energy confer¬ 
ence, 2009. WNWEC, Nanjing, 24-26 Sep 2009 
Fuchs E, Masoum M (2008) Power quality in power systems and 
electrical machines. Academic Press, Burlington, MA 
Gasch R, Twele J (2004) Wind power plants: fundamentals, design, 
construction and operation. Earthscan Publications, London 
Gipe P (2002) Wind power in view wind turbines, aesthetics, and 
public acceptance. Academic Press, San Diego, CA 
Gipe P (2004) Wind power: renewable energy for home, farm, and 
business. James & James, UK 

Gu M (2009) Research on strategic importance of non-grid- 
connected wind power for U.S. energy development. In: 
World non-grid-connected wind power and energy conference, 
2009. WNWEC, Nanjing, 24-26 Sep 2009 
Gu L, Jin C (2009) Performance evaluation of non-grid-connected 
wind, power industry cluster. In: World non-grid-connected 
wind power and energy conference, 2009. WNWEC, Nanjing, 
24-26 Sep 2009 

Hau E (2006) Wind turbines - fundamentals, technologies, appli¬ 
cation, economics. Springer, New York 
He A, Yan Z, Gu W (2009) Research on non-grid-connected wind 
power systems used for hydrogen production from water- 
electrolytic. In: World non-grid-connected wind power and 
energy conference, 2009. WNWEC, Nanjing, 24-26 Sep 2009 
Heier S (2009) Grid integration of wind energy conversion systems, 
Wiley, New York 

Hoffman DL, Molinski TS (2009) How new technology develop¬ 
ments will lower wind energy costs. In: CIGRE/IEEE PES Joint 



Wind Power Generator Systems and Local Power System Interconnection 


12173 



symposium on integration of wide-scale renewable resources 
into the power delivery system, 2009, 29-31 July 2009 

Holmgren M, Haarla L, Matilainen J, Holttinen H (2009) Power 
regulation resources required by wind power in Finland and 
regulation characteristics of power plants. In: CIGRE/IEEE PES 
joint symposium on integration of wide-scale renewable 
resources into the power delivery system, 2009, 29-31 
July 2009 

Holttinen H et al (2009) Design and operation of power systems 
with large amounts of wind power. Final report, IEA WIND Task 
25. VTT technical research centre, Finland 

Jin J, Chen Q, Ma Y, Gong C (2009) Non-grid-connected wind 
power system and its high power DC-DC converter. In: World 
non-grid-connected wind power and energy conference, 
2009. WNWEC, 24-26 Sept 2009 

Kai T, Tanaka A (2008) A new smooth scheme for power fluctuation 
using inverter of wind power generation with doubly fed 
induction generator. In: International conference on electrical 
machines and systems, 2008. ICEMS 2008. Wuhan, China 

Keeley G (2009) Spain's wind turbines supply half of the national 
power grid. The Times, 10 November 2009 

Kundur P (1993) Power system stability and control. McGraw-Hill, 
New York 

Li M (2009) A study on the exploitation of wind energy and the 
development of the non-grid-connected wind power industry 
in central China. In: World non-grid-connected wind power and 
energy conference, 2009. WNWEC, Nanjing, 24-26 Sep 2009 

Li M, Fang C (2009) Information system of on-grid and non-grid- 
connected wind power industry based on SuperMap. In: 
World non-grid-connected wind power and energy 
conference, 2009. WNWEC, Nanjing, 24-26 Sep 2009 

Li DD, Niu LQ (2008) Reliability analysis of electric distribution 
system integrated with wind power. In: 3rd IEEE conference 
on industrial electronics and applications, 2008. ICIEA 2008, 
3-5 June 2008 

Ming L, Xiong F, Yue W, Leqiang Z, Zhaoan W, Gang L, Weizheng Y 
(2009) Overvoltage protection of high power IGBTs in wind 
power converters under short circuit. In: IEEE 6th international 
power electronics and motion control conference, 2009. 
IPEMC '09, 17-20 May 2009 

Lin HC (2006) On line web-based maximum wind power monitor¬ 
ing and control system. In: IEEE international conference on 
systems, man and cybernetics, 2006. SMC '06, vol 5, 8-11 
Oct 2006 

Liu J, Schweizer D, Seiler K (2009) Wind power interconnection and 
integration roadmap: An RTO's perspective. In: IEEE power & 
energy society general meeting, 2009. PES '09, Calgary, 26-30 
July 2009 

Lobo MG, Sanchez I (2009) Aggregated wind power prediction 
methods based on distances between weather forecasting 
vectors. In: International conference on clean electrical 
power, 2009, 9-11 June 2009 

Luickx PJ, Delarue ED, D'haeseleer WD (2009) Effect of the gener¬ 
ation mix on wind power introduction. IET Renew Power 
Gener 3(3):267-278 


Manwell et al (2002) Wind energy explained - theory, design and 
application. Wiley, Chichester (Recent years have seen 
a growth in the implementation and economic viability of 
wind energy technology. This safe and abundant source 
of clean, renewable energy is now making a significant con¬ 
tribution to electricity supplies worldwide. Addressing the 
growing requirement for information on the theory and prac¬ 
tical application of wind technology, Wind Energy Explained 
provides a through introduction to this multi-disciplinary 
field) 

Max L (2009) Design and control of a DC collection grid for a wind 
farm. Thesis, Department of electric power engineering, 
Chalmers University of Technology, Goteborg, Sweden 
Meei-Song K (2007) Generation cost assessment of an isolated 
power system with a fuzzy wind power generation model. 
IEEE Trans Energy Conversion 22(2):397-404 
Meibom P, Weber C, Barth R, Brand H (2009) Operational costs 
induced by fluctuating wind power production in Germany 
and Scandinavia. IET Renew Power Gener 3(1):75-83 
Meier S (2009) System aspects and modulation strategies of an 
HVDC-based converter system for wind farms. Royal Institute 
of Technology, Stockholm, Sweden 
Mohan N et al (2003) Power electronics - converters, applications 
and design. Wiley, New York 

Muljadi E, Butterfield CP, Chacon J, Romanowitz H (2006) Power 
quality aspects in a wind power plant. In: IEEE power engi¬ 
neering society general meeting, 2006, Montreal, Canada 
Muljadi E, Mills Z, Foster R, Conto J, Ellis A (2008) FAULT analysis 
at a wind power plant for one year of observation. In: IEEE 
power and energy society general meeting - conversion and 
delivery of electrical energy in the 21st century, 2008, 20-24 
July 2008 

Muljadi E, Nguyen TB, Pai MA (2009) Transient stability of the 
grid with a wind power plant. In: IEEE/PES power systems 
conference and exposition, 2009. PSCE '09, Seattle, 15-18 
March 2009 

Obersteiner C, Saguan M (2009) On the market value of wind 
power. In: 6th international conference on the European 
energy market, 2009. EEM 2009, 27-29 May 2009 
Paensuwan N, Yokoyama A (2009) Risk-based dynamic TTC calcu¬ 
lation in a deregulated power system with a large penetration 
of wind power generation. In: CIGRE/IEEE PES joint symposium 
on integration of wide-scale renewable resources into the 
power delivery system, 2009, 29-31 July 2009 
Ravn HF (2006) Short term wind power prognosis with different 
success criteria. In: International conference on probabilistic 
methods applied to power systems, 2006. PMAPS 2006,11-15 
June 2006 

Shinde SM, Patil KD, Gandhare WZ (2009) Dynamic compensation 
of reactive power for integration of wind power in a weak 
distribution network. In: 2009 international conference on 
control, automation, communication and energy conserva¬ 
tion, 2009. INCACEC 2009, 4-6 June 2009 
Tanabe T, Sato T, Tanikawa R, Aoki I, Funabashi T, Yokoyama R 
(2008) Generation scheduling for wind power generation by 


w 




12174 


w 


Wind Power Grid Integration: Transmission Planning 


storage battery system and meteorological forecast In: IEEE 
power and energy society general meeting - conversion and 
delivery of electrical energy in the 21st century, 2008, 20-24 
July 2008 

Thakur T, Goyal S, Gambhir J, Kaur I (2008) Optimisation of imbal¬ 
ance cost for wind power marketability using hydrogen stor¬ 
age. In: Joint international conference on power system 
technology and IEEE power India conference, 2008. 
POWERCON 2008, 12-15 Oct 2008 

Tsikalakis AG, Katsigiannis YA, Georgilakis PS, Hatziargyriou ND 
(2006) Determining and exploiting the distribution function 
of wind power forecasting error for the economic operation of 
autonomous power systems. In: IEEE power engineering soci¬ 
ety general meeting, 2006 

Ummels BC, Pelgrum E, Kling WL (2008) Integration of large- 
scale wind power and use of energy storage in the 
Netherlands' electricity supply. IET Renew Power Gener 
2(0:34-36 

Wamundson M, Hassan F (2009) Optimum DC-link solution in 
HVDC wind park actively interfaced to the grid. Elforsk report 
08:45, Elforsk, Frederiksberg 

Wang J, Shahidehpour M, Zuyi Li (2009) Security-constrained unit 
commitment with volatile wind power generation. In: IEEE 
power & energy society general meeting, 2009. PES '09, 
26-30 July 2009 

Wang L, Wei J, Wang X, Zhang X (2009) Wind power interconnec¬ 
tion and integration roadmap: An RTO's perspective. In: IEEE 
power & energy society general meeting, 2009. PES '09, 26-30 
July 2009 

Wang L, Wei J, Wang X, Zhang X (2009) The development and 
prospect of offshore wind power technology in the world. In: 
World non-grid-connected wind power and energy confer¬ 
ence, 2009. WNWEC, Nanjing, 24-26 Sep 2009 

Wang L, Dong L, Hao Y, Liao X (2009) Wind power prediction using 
wavelet transform and chaotic characteristics. In: World non¬ 
grid-connected wind power and energy conference, 2009. 
WNWEC, Nanjing, 24-26 Sep 2009 

Watson R (2001) Large scale integration of wind power in an island 
utility-an assessment of the likely variability of wind power 
production in Ireland. In: IEEE porto power tech proceedings, 
2001, vol 4. Portugal 

Xing-wei X, Gang M, Guang-hui S, Hong-peng Z, Kai-yuan H, 
De-bin G, Jia-qi T, Xin M, Yong X (2009) The problems and 
solutions for large-scale concentrated integration of wind 
power to partially weak regional power grid. In: International 
conference on sustainable power generation and supply, 
2009. SUPERGEN '09, 6-7 April 2009 

Yan Z, Gu W (2009) Research on integrated process of large-scale 
non-grid-connected wind power and coal-to-ethylene glycol. 
In: World non-grid-connected wind power and energy confer¬ 
ence, 2009. WNWEC, Nanjing, 24-26 Sep 2009 

Zha L, Song J, Liu H (2007) Simulation study of wind power with 
continuously variable transmission. In: 2nd IEEE conference on 
industrial electronics and applications, 2007. ICIEA 2007, 
23-25 May 2007 


1 Wind Power Grid Integration: 
Transmission Planning 

Dale Osborn 

Midwest ISO, Columbus, OH, USA 

Article Outline 

Adjustment of Economic Simulation Model Trans¬ 
mission Line Ratings 
Economic Studies 

Value-Based Long Range Planning Method 

Wind Integration Studies 

Other Information to Answer Questions 

Conclusion 

Bibliography 

How is transmission planning done? In as many 
ways as there are different goals of many organiza¬ 
tions influenced by regulation. The discussion will 
relate to entities connected to a large interconnected 
grid. 

Three types of organizations of utilities exist in the 
USA: 

1. The utilities who participate in a Regional Trans¬ 
mission Organization (RTO). RTOs may consist of 
utilities from several states or one state as in the case 
of the New York Independent System Operator or 
California System Operator. RTOs have planning 
processes that incorporate the entire footprint of 
the RTO. Most of the RTOs operate markets. 

2. Utilities who do not participate in a RTO. The 
individual utilities have their own planning pro¬ 
cesses. Some of the utilities have relationships 
with other utilities for joint planning. 

3. Merchant transmission that plans transmission and 
seeks participants to help fund the transmission 
project. 

The National Electric Reliability Corporation 
(NERC) has the responsibility of enforcing power sys¬ 
tem reliability operating and planning standards in the 
USA and coordinating with Canada. Every utility in the 
USA and Canada participates in the NERC reliability 
assessments to assure that the transmission system will 
meet standards and is expected to perform reliably. 




Wind Power Grid Integration: Transmission Planning 


12175 



Most of the criteria for planning of transmission are 
based on the NERC standards. 

There are three large areas or interconnections that 
operate as interconnected systems in the lower 48 states 
of the USA. The three interconnections are weakly tied 
with HVDC back to back transmission. Hydro Quebec 
is also tied to the USA and Canada with HVDC ties. 
ERCOT (TEXAS) is an interconnection on its own. 
Alaska has its own systems. 

Transmission is planned to serve the native load 
plus purchases and sales transactions. Models are 
built on the interconnection level so that the interac¬ 
tion of all native load and transactions in the USA and 
Canada can be studied simultaneously with a major 
transmission line model. NERC coordinates the model 
building process. 

The transmission models are obtained by a utility 
or an RTO and then the detailed transmission in their 
areas and sometimes sub-transmission (below 100 kV) 
are added. Thus, any utility or RTO has a detailed 
model of their footprint and a good representation of 
how they will react with the transmission system adja¬ 
cent to them. 

Energy markets, larger footprints of the RTOs com¬ 
pared to utilities, the insertion of significant quantities 
of wind and solar generation, and the federal govern¬ 
ment funding of coordinated planning at the intercon¬ 
nection level has recently initiated integrated studies on 
a much larger scale than has previously been done in 
the USA. One primary driver for the studies is to plan 
transmission for the use of wind, solar, and other 
renewable resources. Wind, solar, and other renewable 
resources are not located near the major loads. Trans¬ 
mission will have to be constructed to take advantage of 
renewable resources. The transmission needed for 
renewable resource is for energy that provides an 
optional fuel source and is not necessarily needed for 
reliability purposes. Economic criteria for building 
transmission are entering the transmission planning 
processes. 

The present US transmission system is similar 
to a net with weak points between the geographic 
boundaries of organizational and former organization 
zones. State boundaries, country boundaries, RTO 
boundaries, former utility boundaries, and geographic 
restrictions such as lakes and national parks are usually 
the location of the weak links in the net that create 


holes. There are strong ropes that reinforce the net in 
some areas. 

There are three basic philosophies concerning 
transmission design: 

1. Do only what is needed. This is the present reliability 
process for transmission planning. This has worked 
for years, but does not address the characteristics and 
economics of renewable energy very well. 

2. Plan for reliability and reinforce the system at the 
constraint locations. This looks like a good 
approach until one analyzes the large power trans¬ 
fers that renewable energy resources, such as wind 
energy, would require for efficient energy markets. 
Rebuilding all the AC underlying system to transfer 
high power transfers and the control of loop flow is 
a formidable task. There are over 300 constraints in 
the EWITS [1] study. Fixing one constraint does 
not mean that the constraint just moves over to 
another area. The area that the constraint moved 
would then need to be fixed also with a transmis¬ 
sion expansion. Separating which fixes are needed 
for reliability and how much of the fix is related to 
the market is a quagmire that may not be possible to 
be resolved. 

3. Design a transmission overlay that would produce 
an efficient system of markets including the effects 
of renewable energy without impacting the under¬ 
lying AC system significantly. Reliability would be 
mainly addressed in the transmission planning of 
the underlying AC system. The overlay would be 
designed to be self-contingent, economical, and not 
create reliability problems either in the overlay or 
the underlying system. One advantage of the over¬ 
lay philosophy is that the transmission design and 
the cost of the overlay can be separately identified 
and not comingled with the reliability upgrades. 
The transmission planning process to make the 
markets efficient can be addressed separately from 
the existing transmission planning processes that 
design the underlying AC system. 

The most likely choice of the three philosophies 
is that all of the above will be used. A transmission 
system design with a top layer overlay that delivers bulk 
energy to the energy market, a second layer that con¬ 
sists of RTOs and large utilities, and a third layer of 
utilities not in a RTO, public power, and possibly 
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federal power agencies may be envisioned for the East¬ 
ern Interconnection. ERCOT may or may not be fur¬ 
ther interconnected with HVDCties. The Western 
Interconnection may have another organization based 
on coordination without energy markets. 

The following is a simplistic explanation of the 
levels or layers of transmission planning. 

Municipals and small utilities probably can do most 
of their planning with power flow studies to check for 
overloaded lines and to maintain voltages within 
acceptable limits. Contingency studies are run to con¬ 
firm that the system will not be adversely affected for 
probable events. Generally the NERC planning stan¬ 
dards are used as criteria. Short circuit and relay coor¬ 
dination studies are done to assure that the equipment 
is within ratings and properly protected for faults. The 
outside transmission system adequacy is usually stud¬ 
ied by a NERC region or a RTO in their area. The 
engineers may participate in the NERC regional studies 
or the RTO meetings for coordination of plans. Reli¬ 
ability is the focus of the studies. Engineers at this level 
are very specific about the details of the design of the 
transmission system. Economic and technical evalua¬ 
tion of multiple alternatives is usually performed for 
each prospective project. Larger utilities may have 
a division that studies individual areas on their system 
in a similar manner. The NERC region or the RTO 
usually does not study their system to the detail that 
they do. 

Larger utilities have complete planning staffs with 
specialists in areas such as dynamics. They perform 
their own studies for the generation interconnection, 
transmission expansion, dynamics, possibly equipment 
specification transient studies and transmission service 
requests. 

Providing testimony to support proposed plans is 
a transmission planning function. 

Very large utilities may break the transmission sys¬ 
tem into voltages or regions and have multiple sections 
of transmission planners. These utilities may have 
a research department. 

There is usually a separate department for protec¬ 
tion studies and short circuit studies. There are usually 
separate departments for generation expansion, pro¬ 
duction cost simulations, market use studies, resource 
adequacy, and load forecasting outside the planning 
department. 


If a larger utility is in an RTO, the generation 
interconnection studies may be performed by the 
RTO or under contract with them. The larger utility 
would probably participate in RTO planning meetings 
and on task forces. Regional transmission expansion 
studies involving multiple utilities are probably 
performed by the RTO. The larger utilities usually run 
their own version of the RTO studies for verification of 
results and to test their own concepts. 

The processes for expansion planning vary greatly 
from RTO to RTO. 

Some of the common processes are as follows: 

1. Studies to determine the ability of a generator to 
deliver to a utility load or to the RTO as a whole. 

2. Generation Interconnection and expansion studies. 

3. Longer-term, larger power transfer transmission 
service studies to shorter-term transmission service 
studies are approved or denied by a tariff adminis¬ 
trator using a program to evaluate the current sta¬ 
tus service available. There are too many 
transmission service requests for a study to be 
done for each request and the time is not sufficient 
many times to do a study. 

4. Available Transmission Capacity (ATC) studies are 
the link from planning to operations and tariff 
administration for transmission service requests. 
ATC is published multiple times per day. 

5. Shorter-term transmission expansion planning up 
to 10 years in advance. The transmission that is 
approved for construction comes from these 
plans. These are bottom-up plans. Bottom-up plan¬ 
ning starts with the system today and sequentially 
determines the best set of alternatives to provide 
reliable service in the future. Power flow, power 
transfer sensitivity, voltage stability, dynamics, eco¬ 
nomic evaluation of the alternatives, small signal 
stability, and large amounts of contingency analysis 
are studies performed annually. The plan is 
approved by the Board of Directors for construc¬ 
tion by the Transmission Owners. RTOs do not 
own transmission. 

6. Constraint mitigation is also evaluated by the 
RTOs. 

The part where the RTO planning methods depart 
from each other and large utilities is in the long range 
transmission expansion planning. 
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Most of the RTOs use a multi-scenario AC study 
analysis followed by an economic analysis in a bottom- 
up process to determine the long range transmission 
expansion plans. The methods used are very similar to 
their short-term transmission expansion plans. 

The Midwest ISO uses a bottom-up short-term 
transmission expansion process similar to the other 
RTOs. A mid-range Midwest ISO plan that will accom¬ 
modate the present 23,000 MW of Renewable Portfolio 
Standard requirements (wind) for the Midwest ISO 
footprint is being developed to specify the sequence 
of transmission expansion from the short-term to the 
long-term expansion plan. The long-term expansion 
plan would be some future expansion similar to the 
EWITS or the EIPC [2]. 

The Midwest ISO uses a top-down value-based 
approach with an end year of 15 years out for the 
long range plan. Multiple scenarios or futures are stud¬ 
ied that determine the probable outcomes of the con¬ 
ditions that the power system may be expanded. 
Economic simulations are run to provide economic 
and power flow performance data from a simulated 
energy market for 8,760 h in a year. Generation fore¬ 
casts are optimized for each future. Differences 
between the economic simulations produce rough 
budget information that can be used to determine if 
and what transmission might be considered. Transmis¬ 
sion plans are developed from the differences of eco¬ 
nomic and power flow information. Graphical outputs 
and tables are used to determine the location of con¬ 
ceptual transmission expansion and their size. 

Multi-RTO and large utility studies on for the 
Eastern Interconnection have been made completed. 
A study for the Western USA is expected this year. 
ERCOT does its own studies. Canada is doing its own 
Pan-Canadian study. DOE/NREL is sponsoring an all 
US Renewable Energy Future Study for the year 2050 
for up to 80% renewable generation of all types which 
should be out later in 2010. DOE funded coordinated 
transmission studies for the Eastern Interconnection 
and the Western Interconnection that are just starting. 

One major limitation to coordinated studies is 
time-synchronized data for renewable generation. The 
Eastern Wind Integration Study produced a publicly 
available data set for each 10 min for the parts of the 
Eastern Interconnection having wind. Having time- 
synchronized data enables the value of geographic 


diversity and the availability of wind generation to 
serve the peak load, capacity credit. Time-synchronized 
data allows the location of wind resources in different 
areas such as onshore and offshore. The Western Wind 
and Solar Integration Study also has wind data similar 
to the EWITS wind, but the two databases are not time- 
synchronized due to different vendors producing the 
data. Solar data lags wind data in development, but 
progress is being made. The data from Canada is not 
synchronized with the US data. Political borders affect 
data generation as well as transmission planning. 

Figure 1 shows the capacity factors of wind units for 
the eastern USA in the area covered by the EWITS 
database for wind production. 

Figure 2 shows the output from the EWITS wind 
output database for the maximum wind output for the 
years. Red and orange colors show high wind energy 
production. Blue represents poor production. Some 
areas that traditionally have excellent wind outputs 
are not on peak. 

Figure 3 shows the worst day of a year. Almost all 
the wind over the eastern USA is off. Arguments about 
wind not being a reliable resource often refer to plots 
like Fig. 3. The focus of studies is to find out what can 
be done with the wind resource. The overall system is 
designed to fill the gaps left by wind energy to produce 
a reliable and economical system. 

The diversity of wind is greater in the north-south 
direction in the eastern USA than for the west-east 
direction. The plot in Fig. 4 shows that long distances 
are required to reduce the correlation of wind energy 
production. 

Figure 5 shows the reduction in variability from the 
EWITS study as the wind resource is expanded over the 
eastern USA and tied together with transmission. 

The variation of wind is reduced by a factor of 4. 
Transmission can link the geographically diverse 
regions of the eastern USA together to produce 
a better energy product that would require fewer 
reserves to manage. Note there is a level of saturation 
as the wind resource exceeds 5,000 MW. 

Not only does wind vary from minute to minute, 
the yearly output can vary by up to 26% from the 
maximum output year to the minimum output year. 
A study by WindLogics reported this result for an 
examination of a 12-year time span using forecasted 
information. Variations of this magnitude produce 
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Wind Power Grid Integration: Transmission Planning. Figure 1 

Capacity factors of wind units for the eastern USA 



Wind Power Grid Integration: Transmission Planning. Figure 2 

Maximum wind output for the years. Red and orange colors show high wind energy production. Blue represents poor 
production 


different generation patterns that must be included 
in the design of transmission systems. Multiple 
years of study data are run through the economic 
simulations to determine annual variability patterns. 


Unfortunately, only 3 years of hourly data exist for the 
EWITS database. 

The aggregation of wind energy also increases the 
probability that the wind generation would be available 
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Wind Power Grid Integration: Transmission Planning. Figure 3 

Worst day of a year. Almost all the wind over the eastern USA is off 


Wind Correlation vs Distance 



Distance Between Sites (Miles) 


Wind Power Grid Integration: Transmission Planning. Figure 4 

Long distances are required to reduce the correlation of wind energy production 
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on peak. A loss of load probability expectation calcu¬ 
lation is performed that shows the component due to 
aggregation of resources and the component due to the 
transmission overlay for 3 years. The transmission 
overlay has a large impact when the wind is located 


primarily in the western (Scenario 1) part of the Eastern 
Interconnection than in the eastern part (Scenario 3). 

The EWITS study, Fig. 6, shows that the capacity 
credit of wind for a large aggregated area can be in the 
range of 24%. This is three times higher than the 
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Normalized 10 Min. Variability for 5 Regional Groups 



- 500 MW 

- 5000 MW 

- 15000 MW 

-- 40000 MW 

85000 MW 


Wind Power Grid Integration: Transmission Planning. Figure 5 

Reduction in variability from the EWITS study as the wind resource is expanded over the eastern USA and tied together 
with transmission 


Study System ELCC Scenarios (1 - 4) 

Existing & Overlay Transmission Tie Limits - ELCC (%) {Shaded Area shows Increased ELCC of Overlay} 
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Wind Power Grid Integration: Transmission Planning. Figure 6 

The EWITS study shows that the capacity credit of wind for a large aggregated area can be in the range of 24% 
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present Midwest ISO wind capacity credit of 8%. Less 
conventional generation is needed for the generation 
forecast with a higher wind capacity credit. The 
amount of wind generation is not reduced as the 
wind generation resource has to be large enough to 
produce the RPS requirements. Transmission helps 
the process, but the geographic diversity of the wind 
resource is the primary factor in improving the wind 
capacity credit. 

Figure 7 is a representation of wind energy produc¬ 
tion hourly for a year normalized to the output of load 
in the area. Curve fits through the highly variable plots 
enable one to see trends. The load curve has a summer 
peak with minimum load during the spring and fall. 
The wind has a minimum output during the peak 
period for the load and maximum outputs during the 
spring and fall when the load least needs generation. 
Wind is also more variable than the load during the 
spring and fall periods. 

If the load and the corresponding wind energy 
output are sorted in descending order by load, a load 
duration curve is produced which shows the amount of 
time in which the load level is achieved (Fig. 8). The 
peak load occurs only for 1 h of the year. The trend 
curves show that wind generation has an average base 
load characteristic off-peak and a reduced capability on 


peak. Thus, the wind generation would offset base load 
generation production during the off-peak periods. 
Base load generation needs to have about a 60% capac¬ 
ity factor (average output divided by maximum output 
over the year). Wind decreases the base load capacity 
factor to the point that a combustion turbine or low 
capacity factor combined cycle plant may be the best 
selection for the generation forecast when combined 
with wind energy. 

The mix of generation types to serve the load is 
a combination of the capital costs to construct 
a generator and the energy costs to operate the gener¬ 
ator. Base load generation has higher capital costs and 
lower fuel costs. Gas fired generation has lower capital 
costs and higher fuel costs. Generation forecasting pro¬ 
grams are run to determine the optimal mix of gener¬ 
ation that is needed to reliably serve the load. When 
operating generation with low costs operating costs are 
run first. The higher cost operating cost generation is 
run next until the generation is stacked in merit order. 
Figure 9 shows a simplified generation merit order 
stack. The area under the load duration curve to the 
left is the energy supplied for the load. The area above 
the load duration curve and to the right is energy that 
may be bid into the energy market for sale. The area 
between the purple line and the yellow line depict the 
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Wind Power Grid Integration: Transmission Planning. Figure 7 

Hourly wind energy production for a year normalized to the output of load in the area 
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Wind Power Grid Integration: Transmission Planning. Figure 8 

Load duration curve (magenta), which shows the amount of time in which the load level is achieved. The peak load 
occurs only for 1 h of the year 


Example of Economic Export Benefits 
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Wind Power Grid Integration: Transmission Planning. Figure 9 

All generation is used to meet the peak load. Generation that can be used to meet load has a 100% capacity credit for 
this example 
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energy that might be sold on the energy market. The 
purchasing party has limitations on how much energy 
it can accept. 

All generation shown in Fig. 9 is used to meet the 
peak load. Generation that can be used to meet load has 
a 100% capacity credit for this example. 

Figure 10 shows the result of injecting wind genera¬ 
tion into the generation mix. Coal generation is forced 
upward on the stack. Coal is forced into an area usually 
occupied by gas generation in an optimal generation 
mix. The capacity factor of coal is reduced. More coal 
generation is available for sale. The area between the 
purple line and the yellow line is energy that might be 
sold on the energy market. The purchasing area cannot 
receive all the available energy. The coal generator must 
be reduced in output to match the load plus purchase 
chart. Even with sales, the coal capacity factor is reduced 
compared to Fig. 9, and this is a benefit for global 
warming. For the purchaser, the use of coal energy may 
be against their green commitment. Is the goal global 
warming or local contribution to global warming? 


For this example wind has a capacity credit of 
about 5%. If peak load and energy grow at the same 
rate, the vertical axis will increase and the graph will be 
proportional to Fig. 10. If the average load factor (load 
energy divided by the peak load times 8,760 h per 
year) is 60% and the average wind generator capacity 
factor is 30%, then 2 MW of wind generation has to be 
added for each MWH of energy growth. If the RPS 
wind growth requirement is 20% of the load energy, 
then the wind generation to be added would be 
0.4 MW. Assume the generator reserves are about 
12%. Reserves provide some extra generation if some¬ 
thing would happen to a generator at the peak period 
to replace the generator with the outage. Gas genera¬ 
tion would be added for 1.10 MW (1.12 minus 2% 
credit for the wind). For each MW of load added, 
1.5 MW of gas and wind generation would be added. 
The mix of coal would be very gradually reduced. At the 
present rates of load growth it would require 15 years 
to adjust the generation mix to an economically opti¬ 
mal mix. 


Example of Economic Export Benefits 

Midwest ISO Generator Mix Stack with Load Duration 
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Wind Power Grid Integration: Transmission Planning. Figure 10 

Example of economic benefits 
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Adjustment of Economic Simulation Model 
Transmission Line Ratings 

Economic models use linear or “DC” representation of 
transmission lines that do not have distance consider¬ 
ations considered. A linear line is modeled as having 
a MW rating and an impedance. There are no voltage 
drop, dynamic rating considerations, and distance 
considerations. AC power flows and dynamic studies 
automatically consider all the factors due to the math¬ 
ematical representation of the lines. The power flow 
models used by economic simulation programs use 
power flow data that may have a thermal rating that is 
higher than what can actually be carried on the trans¬ 
mission line. To resolve this issue, the economic simu¬ 
lation models have lines rated according the St. Clair 
curve shown in Fig. 11 that accounts for the decreasing 
power transfer capability of a transmission line with 
distance. Lines in the power flow case that is an input to 
the economic simulation case have ratings that are 
adjusted by the length of the transmission line and 
the voltage of the line. For 765 kV a 1.2 times multiplier 
to the St. Clair curve is used. For a 345 kV line 
a 1.5 times multiplier is used. The multiplier is chosen 
to reflect power flow values that are achieved during 
contingency operation. Adjusting the ratings of trans¬ 
mission lines produces more realistic line loadings for 
the economic simulation than that produced using the 


ratings from a power flow case. The surge impedance 
loading (SIL) of a 345 kV line is approximately 
400 MW. The surge impedance loading a 765 kV line 
is about 2,260 MW. The rating of an 800 kV HVDC line 
is about 6,400 MW. 

Figure 12 shows the relative cost of constructing 
a transmission line to transmit 1 MW 1 mile. The 
765 kV and HVDC appear to be the best options. 
However, the line choice has to consider distance and 
loading. 

AC versus HVDC is also an option that must be 
considered in transmission overlay design. HVDC lines 
cost less than overhead AC lines of the same voltage. 
HVDC convertor stations cost more than AC substa¬ 
tions. Figure 13 shows the distance to consider an 
800 kV HVDC line rather than a 765 kV line to is 
about 600 miles. The overlays for JCSP [3] and 
EWITS used this guideline for the two and three ter¬ 
minal HVDC lines included in the design. 

The HVDC lines need to be loaded to be chosen for 
the overlay design. The steps on the plot in Fig. 14 
represent a transmission line of either AC or HVDC. 
The plot shows that at least two 800 kV lines with 
a power transfer of 4,300 MW are needed before 
HVDC is considered to be an option. If the AC system 
had a 1,500 MW contingency level, the loading level on 
three HVDC lines to form a self-contingent system for 


345 kV - 765 kv Delivery Capacity 
with a 5% voltage drop 
on a losseles line 



Wind Power Grid Integration: Transmission Planning. Figure 11 

Decreasing power transfer capability of a transmission line with distance 
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HVDC 


Wind Power Grid Integration: Transmission Planning. Figure 12 

Relative cost of constructing a transmission line to transmit 1 MW 1 mile 


$/Mw Delivery Capacity 



Miles 

Wind Power Grid Integration: Transmission Planning. Figure 13 

Transmission line cost as a function of distance for three voltage levels 


the loss of one HVDC line would be 7,900. The HVDC 
maximum schedule per line would be about 3,950 MW. 
This may work and have to be tested, but the value is 
below the threshold. For a three-line HVDC system the 
HVDC line schedule would be 14,300 MW. Each 
HVDC line would be scheduled at 4,766 MW, which 
is above the threshold. The economic simulations for 
the JCSP and the EWITS showed that this loading 


would occur about 80% of the time on the HVDC 
lines. This roughly validates the Rule of Three. The 
HVDC overlay would carry only energy and not capac¬ 
ity. This allows the overlay to be loaded heavier than if 
it had to deliver the full power schedule after 
a contingency under a security constrained criteria. 
The generation forecast for each region has enough 
generation to serve the load. Each area is not dependent 
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Power Transfer Breakover by Voltage 



Wind Power Grid Integration: Transmission Planning. 
Figure 14 

Power transfer breakover by voltage 

upon imported capacity. The HVDC lines would run at 
rated load for no more than 30 min. With a 5-min 
dispatch interval in the energy market, it is highly 
possible that the security constrained schedule would 
be reached in 5-10 min. 

A recent short investigation into underground 
HVDC delivery includes: 

1. Superconducting plus and minus 200 kV HVDC at 
about 10,000 MW with a spare pole to create a self¬ 
contingent system using Voltage Source Converters 
of about 750 MW each. The higher converter count 
would be able to link more market segments into 
one HVDC line. The spare pole decreases the num¬ 
ber of lines needed to construct a self-contingent 
system. 

2. Gas insulated transmission has the capacity to 
deliver 800 kV HVDC with a similar spare pole 
configuration or a metallic return for a self¬ 
contingent system. The fewer number of larger 
converters maybe a problem to locate. While gas 
insulated transmission has been used for years in 
some form, the long distance aspects have not been 
addressed. 

3. Electric pipe is a XPLE nanoparticle insulated heavy 
conductor in a pipe. The increased cross-sectional 


area of the conductor reduces the heat losses to 
values that can be dissipated through the pipe. 
Higher currents than cable are possible. 

While HVDC breakers and networks have been 
discussed with the underground options, it may be 
possible to link separate HVDC lines with AC backup 
transmission to transfer power to healthy poles similar 
to the overhead HVDC design used in the JCSP and 
EWITS. The AC backup design may be possible to have 
the initial HVDC lines constructed without having to 
wait for the development, testing, design modifica¬ 
tions, and retesting of HVDC breakers and networks. 

The high level of activity with the submarine 
HVDC cables indicates that larger HVDC links may 
be possible. A constrained and a “copper sheet” differ¬ 
ence case may provide insight into the scope of the 
problem. The difficulty is the construction of a Euro¬ 
pean model for the production cost simulation includ¬ 
ing transmission such as that used in PROMOD [4], 
GE MAPS [5], or GRIDVIEW (ABB) [6]. 

Economic Studies 

There are many questions that need to be answered 
when considering a transmission expansion study 
including wind. Most of the questions focus on eco¬ 
nomic impacts, carbon reduction, impact on other 
generation, wind curtailment, and total cost of differ¬ 
ent futures. There are few questions about the voltage 
levels or the power flow on transmission lines. Many 
different factions are involved in the political and eco¬ 
nomic processes influencing the design of the trans¬ 
mission system. The studies need to be able to address 
the questions. 

Economic drivers that create value from having 
transmission are as follows: 

1. The energy markets in the Eastern Interconnec¬ 
tion of the USA and elsewhere have areas with 
lower cost resources and loads with higher priced 
energy. Connecting a lower cost resource to 
a higher priced load area with a transmission line 
displaces the local high-priced generation with the 
low-cost resource and lowers the price to the load. 
The low-cost generation resource may receive 
more revenue than it would have without the 
transmission. HVDC transmission produces 
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higher revenue for the generating resource com¬ 
pared to an AC transmission system. Revenue 
from an HVDC overlay is not distributed among 
the intervening generation and diluted by trans¬ 
mission constraints as is the case with AC trans¬ 
mission designs. 

2. Wind generation creates large surpluses of energy 
production capability during the off-peak period. 
Wind generation has a very low marginal cost. 
Wind pushes coal generation upward in the 
merit order stack of generation so that less energy 
is by coal for the local use that took the wind 
energy. The coal energy is considerably lower 
priced than natural gas fired and oil fired genera¬ 
tion. If transmission capacity is available, the coal 
energy replaces the natural gas energy at the higher 
priced area. The capacity factor of wind genera¬ 
tion in good wind areas can be in the 40% capacity 
factor range. The gas generation displaced by coal 
has lower capacity factors. Natural gas produces 
about 60% of the carbon dioxide as coal per 
MWH. The carbon savings based on fuel usage is 
not enough to offset the difference in capacity 
factor reductions. Thus, the total carbon dioxide 
production is reduced (see JCSP example). 

3. Generation capital and fixed operation costs are 
paid for by the utility or RTO purchasing the 
generation capacity. Only the marginal cost of 
energy (fuel and variable operation and mainte¬ 
nance costs) is used to determine the cost of the 
energy in a market. With wind energy there is no 
fuel cost, and the operational and maintenance 
cost is small. If wind energy is placed into the 
energy market it is usually bid as a price taker. 
This happens when wind is to be curtailed because 
of minimum generation requirements. Coal gen¬ 
eration is difficult to start after a shutdown. There¬ 
fore, coal generation has to be left on line at 
minimum generation levels to meet the next 
day’s load. If the load is less than the sum of all 
the minimum generation in an area, wind may 
have to be curtailed. A price taker has a very 
good chance of being a successful bidder in an 
energy market as this is a bottom price. A price 
taker receives the clearing price of the energy mar¬ 
ket. Gas generation usually sets the clearing price 
on the east coast of the USA. For a natural gas 


price of $8/MBTU the cost of energy from a 
combined cycle may be in the $60/MWH range. 
Coal would be in the $20-$40/MWH range 
depending on the location. Wind would have 
a cost in the $4/MWH range. Thus, if the market 
clearing price was based on natural gas generation 
and there was sufficient transmission to deliver the 
wind energy, the wind generator revenue would be 
$60/MWH minus losses and transmission costs. 
Assume the cost of transmission and losses is 
about $50/MWH. Thus, the wind generator 
would have a net income of $6/MWH. The alter¬ 
native may be curtailment of generator output. 
Transmission provides larger markets for wind 
energy that allow the full output of the wind 
generators. 

4. Transmission decreases the variability of wind by 
aggregating the variation of wind generation over 
a large geographic area by a factor of about 4. 
Having less variation of the wind generation 
reduces the reserve capacity that must be online 
and spinning or held as a fast start reserve gener¬ 
ator if the wind would quit. 

5. Onshore wind generation has a poor contribution 
to the peak capacity of a system. The lowest output 
of the wind generation in a year is the summer 
season. The wind primarily is present at night and 
not during the peak period of the day. The capac¬ 
ity credit for the Midwest ISO is about 8%. The 
capacity credit from the EWITS study with aggre¬ 
gated wind generation is about 25%. If the wind 
generation for a 20% US Eastern Interconnection 
case is 230,000 MW, then 39,000 MW less of some 
type of generation would be needed to serve the 
load. If the cost were about $600,000 per MW, the 
aggregation of wind with the transmission overlay 
would be worth about $24B. This will not pay for 
all the transmission, but it would help. 

6. Load aggregation would reduce the generation 
requirement of the US interconnection by about 
6%. If the load of the US Eastern Interconnection 
were 600,000 MW, the reduction would be 
36,000 MW. For a savings similar to the wind 
aggregation number above this will not pay for 
all the transmission, but it would help. 

7. Demand resources can bid to a relatively small 
area since their contribution is limited by their 
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small shift factors that contribute to correcting 
a problem. An overlay transmission system 
would increase the marketing area for a demand 
resource to a good part of the US Eastern Inter¬ 
connection. The probability of being accepted as 
a bid in the energy or ancillary services market is 
increased with a transmission system. 

8. Reliability is difficult to price. An overlay could 
provide a means of solving many of the frequency 
regulation and high impact disturbances that 
occur today or are expected to occur in the future. 
Performance improvements may be a choice. 

9. Nuclear generation may be an option in a low 
carbon generation scenario. Nuclear plants are 
large and are difficult to assimilate into a single 
utility in a short period of time. A large transmis¬ 
sion overlay would allow full assimilation of the 
output of a large nuclear plant at market prices 
corrected for transmission and losses. 

10. The transmission overlay may also make it possi¬ 
ble to use the present brown field sights that 
nuclear sites presently exist to add additional 
nuclear generation. The present transmission 
would have to be expanded greatly for this to be 
done. Short circuit capacity may be a limitation. If 
the transmission overlay interconnection were 
several sections of HVDC, the short circuit capac¬ 
ity could be managed by connecting a generator to 
an HVDC converter that adds little short circuit 
capacity and designs the AC connections accord¬ 
ingly. The high-capacity contingency rating of the 
HVDC overlay could accommodate the loss of 
a nuclear generator and be stable. 

The EWITS and JCSP studies only used the pro¬ 
duction cost savings from the energy market to justify 
transmission with a benefit greater than the cost for 
a 20% wind energy requirement. Typical AC transmis¬ 
sion expansions justified for reliability criteria have 
a benefit to cost ratio of about 0.3-0.6 to 1. Grouping 
lines together that have synergistic affects can raise the 
benefit to cost ratio near one to slightly greater than 
one. Designing a system of transmission lines in a time 
frame that can load the lines produces a better result for 
studies with high wind energy. 

The evaluation period and method may determine 
the outcome as much as the study. Wind and other 


renewable resources have costs that do not escalate 
significantly with time. The fuel and operation and 
maintenance costs for conventional generation escalate 
with time. Thus, a short-term evaluation tends to min¬ 
imize the value of renewable resources. 

In the USA, most wind generation Renewable Port¬ 
folio Standards will not reach their maximum percent¬ 
ages until 2025. Multiple HVDC transmission lines are 
included in the designs to transfer the power associated 
with the RPS. The Midwest ISO alone has a 23,000 MW 
RPS level by 2025. The minimum self-contingent 
design for a three 800 kV HVDC line system is 
14,300 MW. A transmission overlay would be possible 
with the Midwest ISO generation alone. If shorter 
times are chosen for the study, the generation to justify 
a transmission overlay is not available. 

The seven step transmission planning method used 
by the Midwest ISO, EWITS, and the JCSP uses a top- 
down method of planning (see Fig. 15). The end result 
is calculated first for the entire system. This is often 
referred to as “holistic” planning. The transmission 
overlay is planned as a system and not as a series of 
lines with this method. The generation necessary to 
load the entire system is evaluated. The sequence of 
getting to the end state is calculated next. Experience 
has shown that the larger the area studied the better the 
results. The largest studied is the Eastern Interconnec¬ 
tion with a focus on the US Eastern Interconnection. 
The end result cannot be constructed as the sum of 
smaller area solutions in the large area. The Midwest 
ISO performed Midwest ISO only studies. Very little 
transmission was required as the entire area has about 
the same type of choices for generation with just a small 
change in fuel prices from the east side of the system to 
the west. Benefits less than the cost of transmission 
were obtained from the study. If such a transmission 
expansion were constructed, the higher cost of the 
Midwest ISO component would just raise the cost of 
the whole project and reduce the benefit to cost ratio of 
the transmission overlay. 

Bottom-up processes start at the present and add 
lines sequentially in time. The bottom-up process is an 
extreme case of sub-optimization. Short times are used 
that limit the possibility of choice of higher efficiency 
multiple line systems. More money in total is spent 
on the sequential expansion than a coordinated expan¬ 
sion. Transmission funds are used to mitigate 



Wind Power Grid Integration: Transmission Planning 


12189 



constraints with limited value as the constraint just 
moves to another location unless multiple lines are 
constructed. The main argument in supporting the 
bottom-up method is that this is the way it has always 
been done and will be done as the state regulatory 
processes also approve one line at a time. 

The Rule of Three explains the difference in the 
results in sequential bottom-up study processes and 
a top-down system design. 

The Rule of Three is a very simple economic con¬ 
cept that applies to most transmission choices. 

1. If one line is to be constructed, then the voltage 
probably should be of the highest existing voltage if 
the line can be loaded. The reason for this is that the 
present transmission lines limit the loading on 
a higher voltage line well below the capability of 
the line. Bottom-up sequential processes are always 
in this mode. Some organizations like the status 
quo and argue for bottom-up sequential processes. 

2. If two lines are to be constructed, the difference 
between a higher voltage overlay and an existing 
voltage is about breakeven. The second higher volt¬ 
age overlay increases the load that both higher 
voltage lines can carry. There seems to be an excep¬ 
tion of this with long HVDC lines. Two lines are 
enough to be more economical. The problems with 
loop flow spreading benefits over the AC system, 
even to entities that probably would not care to 
participate in the transmission expansion. Free rid- 
ership is a problem with long distance AC lines. 
HVDC lines strategically can place the collection 
of low-cost energy at a high-priced area. 

3. If three lines are to be constructed and are able to be 
loaded, then the higher voltage lines will be 
a superior economic choice. Wind generation pro¬ 
duces conditions that load lines economically if 
studied near the full development of the wind 
resource. 

In the USA, there is typically a higher rate of return 
for generation than for transmission. Utilities have 
focused on generation and usually supplied the mini¬ 
mum transmission necessary based on reliability and 
need. The state regulatory mind-set reinforced this 
decision mode. The higher rates of return for FERC- 
approved (interstate) transmission have changed the 
decision mind-set of the utilities. Independent 


transmission companies are willing to address multi- 
line transmission expansions if they can obtain tariff 
cost recovery from an RTO. 

Europe with the difference of hydro generation in 
the Nordic area, coal in Germany, the nuclear in France, 
the solar potential in Spain, and the distributed wind 
may also have the potential for a similar high-voltage 
transmission overlay. 

At the power levels being identified and the high 
cost of overhead transmission it may be justified to the 
underground HVDC overlay or at least major portions 
of it. Socially, underground HVDC may be an accept¬ 
able solution while overhead may be very difficult to 
impossible. 

Value-Based Long Range Planning Method 

The Midwest ISO planning method starts with an eco¬ 
nomic analysis to develop the conceptual transmission 
expansion for each future or scenario. An optimum 
generation expansion plan or forecast is produced for 
each future. Generation mixes and locations affect the 
transmission design. A transmission plan is developed 
for each future based on the economic information 
from studies. The conceptual plan will be economical. 
Since there are multiple futures and multiple concep¬ 
tual transmission plans one looks for transmission lines 
that are common to every plan or could be modified to 
fit the other plans. The transmission is the “no regrets” 
transmission. No matter which future actually hap¬ 
pens, the transmission will still be needed. The com¬ 
mon plan is tested for robustness with about four other 
futures to determine the transmission that would be 
added to the “no regrets” plan to work well with that 
future. 

Figure 15 is a process diagram of the value-based 
transmission planning method. 

The futures are coordinated with the Planning 
Advisory Committee (PAC). The PAC consists of sector 
representatives from the transmission owners, inde¬ 
pendent transmission companies, generators, environ¬ 
mental, large customers, regulators, etc. A future is a set 
of assumptions that describes a possible outcome. 
A future has its own generation forecast. A 20% wind 
energy future may be one future. An all-gas conven¬ 
tional generation may be a second future. Delayed 
transmission may be a third future. Nuclear forced in 


w 




12190 


w 


Wind Power Grid Integration: Transmission Planning 



N. 'Transmission Capacity Between Areas 
N. From Transmission Expansion 
Generation Type Restrictions 
For 

Ramping and Reserves 

Wind Power Grid Integration: Transmission Planning. 
Figure 15 

The seven step transmission planning method used by the 
Midwest ISO, EWITS, and the JCSP 

at a given level may be a fourth future. A Reference 
future usually is the most economic generation forecast 
without future constraints. 

Generation forecasts have an excess of transmission 
capacity due to the fact that wind generation does not 
produce energy at the peak periods reliably. Wind gen¬ 
eration in the Midwest ISO footprint presently is given 
an 8% capacity credit to apply to the peak load period. 
The other 92% is excess generation capacity that may 
produce energy off-peak. 

Sensitivity studies are run on futures. A sensitivity 
study may be a carbon tax. A carbon tax could also be 
a future with its own generation expansion. Different 
wind site locations may be sensitivity. Different wind 
sites may require a unique transmission expansion plan 
per sensitivity. 


Figure 16 shows the generation forecasts for the 
EWITS futures. Scenario 1 is a 20% wind energy 
future with generation located strongly in the western 
part of the Eastern Interconnection. Scenario 3 is a 20% 
wind energy future with wind generation strongly 
located offshore of the east coast of the USA. Scenario 
2 is a mixture of Scenarios 1,3. The 20% futures have 
about 225,000 MW of wind generation. Scenario 4 
is a 30% wind energy future, with 330,000 MW of 
wind generation. The capacity factor of the wind 
changes the generation that is needed to produce 20% 
wind energy. 

Figure 17 shows the location of the generation by 
type for Scenario 2 of EWITS. The location of the 
generation affects the transmission system design. 

Information to design a transmission expansion is 
determined from differences in the 8,760 h per simu¬ 
lated year of market operation runs. A simulation 
includes the economic modeling of every generator in 
the Eastern Interconnection, the existing transmission, 
and load data. A Reference future can be run with its 
own transmission expansion or without the transmis¬ 
sion expansion. The with transmission expansion 
would be used in the “no regrets” robust transmis¬ 
sion selection process. The without transmission 
expansion would be used as a starting point for each 
of the other scenarios. The without transmission 
expansion run uses the present transmission with 
a future generation forecast. The without transmission 
expansion is referred to as the constrained case. 
A second case is run that is called a “copper sheet.” 
A copper sheet has no constraints to power flow. 
Energy flows to where it would in a perfect energy 
market. Existing transmission line ratings are placed 
at very high values. No resistance is modeled for the 
transmission lines. No interchange flow is modeled. No 
hurdle rates (the pancake transmission service rates 
between areas or the inefficiencies in the energy mar¬ 
kets) are modeled. 

The wholesale energy price differences with the 
expansion forecast generation without transmission 
expansion is shown in the left plot of Fig. 18. 
The right-hand plots are the whole sale with the trans¬ 
mission expansion (Fig. 19). There is just a little 
congestion remaining with the transmission. Some 
congestion must remain to produce a value for the 
transmission. 
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Generation Nameplate Expansion 2008-2024 
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Generation forecasts for the EWITS futures 
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The location of the generation by type for Scenario 2 of EWITS 


















































































12192 


w 


Wind Power Grid Integration: Transmission Planning 



Regional Generation Weighted LMP Changes 
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Scenario 1 annual generation weighted LMP comparison 
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Resulting transmission expansion 


The constrained price as shown in Fig. 18 on the left 
shows the price difference that may exist before the 
transmission overlay is constructed. Generator pockets 
(blue) and Load pockets (orange) can be easily found. 


The changes in the color represent areas of constraints 
called congestion. Congestion is a measure of the inef¬ 
ficiency of an energy market. Quebec is not modeled 
and the chart uses New England’s prices. Price is one 
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tool to use to determine the transmission, but a better 
indicator is where energy is sourced and where energy 
is sunk from the economic models. Sources and sinks 
include both price and the quantity of energy which are 
needed to determine value. A price differential for 
a volume of energy produces revenue that can help 
pay for the transmission expansion. A high price with 
a low volume of energy associated with it may have 
a lower value than a lower price with a high volume. 
While price is a market signal for the energy markets, it 
is not a good signal for transmission planning. 

The difference in the production cost, the 
Constrained versus the Copper Sheet, adjusted for 
sales and purchases provides an estimate of the total 
potential budget for transmission. Experience has 
shown that a practical budget may be 70% of the 
maximum potential budget. Figure 13 is an example 
of the maximum potential budget for transmission 
expansion broken down by area. Geographical areas 
in the USA could be geographical areas in another 
large country or countries such as in Europe. 

The pie chart shows the benefits to the loads. There 
are also benefits to the generators. Depending on the 
regulation agreement, sometimes the total benefit to an 
area is a sum of the load price changes and the gener¬ 
ator revenues. If an area is a low-cost producer, the 
generation can be self-scheduled to serve your own 
load to prevent increases in the price of energy to the 
load. The generation schedule does not change the self¬ 
scheduling if an area is a low-cost producer is just an 
accounting process. The results of the study do not 
change. These are real-time details that cannot be 
modeled 15 years in advance, but they should be con¬ 
sidered when reading a result Fig. 20. 

Price differences, while indicative, cannot pay for 
transmission lines. A volume of energy at a good 
price difference is needed. The location of where 
a transmission line would collect low-cost energy and 
where the transmission line would deliver the low-cost 
energy to a high-priced area can be determined by 
looking at the increased energy supplied from an 
area’s generation. Figure 21 is a plot of sources (dark 
red) and sinks (dark blue) that represent the direction 
of major transmission expansions as indicated by 
the arrows. 

Figure 22 is a bubble diagram or interchange flow 
diagram that shows the difference in the flow of energy 


Potential Benefits 
Adjusted Production Costs 
$35B/Yr 


IMO 
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Figure 20 

From the EWITS study 


in the Copper Sheet case versus the Constrained case. 
The general direction of transmission and a relative 
size can be determined from this diagram. The dia¬ 
gram on the right is a difference with the Copper Sheet 
and the Overlay. The remaining transmission and 
direction is indicated by the lines. Most of the incre¬ 
mental power flow has been delivered directly by the 
Overlay. The areas that may use more transmission 
are in orange. The blue color indicates little need for 
additional transmission capacity between the areas. 
The blue also indicates the lack of loop flow through 
the underlying transmission system. The underlying 
transmission system would probably require few 
expansions due to the delivery of the wind energy. 
The underlying system will not be burned down due 
to the Overlay as some suggest. The use of a self¬ 
contingent HVDC and AC Overlay allows the control 
of the loop flow by using the scheduling ability of the 
HVDC lines. 

The hourly economic simulations produce the 
hourly power flow on transmission lines for a year. 
The black heavy line on the left interchange diagram 
shows an interface which is the sum of flows on lines 
crossing a geographic border. Interfaces are defined 
perpendicular to major flows at areas of change of 
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Scenario 2 generation difference between unconstrained case and constrair 
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Bubble diagram or interchange flow diagram that shows the difference in the flow of energy in the copper sheet case 
versus the constrained case 
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Wind generation output versus the load 
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Load versus interchange 
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output versus the load is shown in Fig. 23. The 
trend lines through the plots show that wind energy 
production is about to counter when it is needed most. 
The interchange plot in Fig. 24 shows a simi¬ 
lar pattern. The interchange plot shows that the heavi¬ 
est transmission flows occur off-peak. The spare 


flow. Locations can be estimated by the places that 
colors change on the price plot (Fig. 18) or the source 
sink diagram (Fig. 21). The heaviest loading of the 
transmission is off-peak in the spring, fall, and winter. 
The lightest loading of the transmission system is dur¬ 
ing the summer peak. The plot of wind generation 


















































































































12196 


Wind Power Grid Integration: Transmission Planning 


W 


transmission capacity on peak adds to the generation 
reliability. Generation can use the spare transmission 
on peak to transfer power into an area that would need 
it. The amount of transmission that is needed can be 
estimated by inspection, but a more formal method 
is used. 

Loop flow data can be sorted from ascending to 
descending values and then a load duration curve of the 
power flow across an interface can be plotted. Based on 
this curve one can estimate how often a certain trans¬ 
mission level is exceeded, and then a selected level of 
transmission capacity can be selected. The energy flow 
at the maximum power level would be very small and 
create little value. Experience has shown that if a trans¬ 
mission line that would transmit 80% of the energy, 
not 80% of the peak value, then the line would have 
good potential for being an economical expansion, c.f. 
Fig. 25. The load duration and 80% energy process 
converts energy flow to power transfer (MW) quanti¬ 
ties. Transmission lines are rated in MW of power 
transfer capability. Once the power transfer level is 
known, the number and voltage of transmission lines 
can be estimated for each interface. 

An examination of the flow that transfers power 
through multiple interfaces provides an estimate of the 

^ Transmission Capacity designed to 

™ deliver 80% of desired energy flow 

Wind Power Grid Integration: Transmission Planning. 
Figure 25 

The 80% energy process 


distance that power flows through areas and may 
be a candidate for a longer AC line or may qualify for 
a DC line if the distance is more than 600 miles in the 
examples given previously. Table 1 shows the power 
transfers through multiple interfaces for the EWITS 
futures. 

Power transfers between multiple interface loca¬ 
tions can be used to estimate the transmission that 
would be included in the overlay. 

Table 1 shows the interface numbers using this 
process for the EWITS study. Scenarios 1-3 had 
a 20% wind energy level with about 225,000 MW of 
wind generation. Scenario 2 had a mixture of wind 
generation using onshore and offshore wind. Scenario 1 
used primarily high-capacity factor wind located in the 
high plains in the western part of the Eastern Intercon¬ 
nection. Scenario 3 had a high proportion of the wind 
offshore of the east coast. Scenario 4 had a 30% wind 
generation scenario with strong wind both offshore 
and onshore in the west as well as in the middle for 
about 330,000 MW of wind generation. Energy is 
converted to power transfer capability in MW which 
is what transmission lines are rated. The Ohio-Eastern 
PJM (OH-EPJM) Scenario 2 or compared to a three- 
line HVDC system rating of 14,300 MW one can see it is 
about a match. The distance across the system is greater 
than 600 miles. So the HVDC lines terminals are 
selected using the information in the source-sink dia¬ 
gram in Fig. 21. The choice of the least expensive 
option in Fig. 12 further validates the choice. Another 
simulation is chosen to simulate your choices. The 
examination of the constraints and the information 


Wind Power Grid Integration: Transmission Planning. Table 1 Top 24 interfaces with the largest annual energy 
difference 



EWITS Scenario 2 

EWITS Scenario 1 

EWITS Scenario 3 

EWITS Scenario 4 

Interface 

Additional transfer 
needs (MW) 

Additional transfer 
needs (MW) 

Additional transfer 
needs (MW) 

Additional transfer 
needs (MW) 

AMRN-IN 

22,901 

28856 

13223 

24,609 

IN-OH 

16,594 

20843 

9633 

17,081 

OH - EPJM 

14,378 

18662 

8715 

12,928 

SPS - SPP 

13,983 

13482 

7743 

13,399 

SPP- EES 

11,598 

12551 

6417 

12,160 
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specific to the new case with the transmission expan¬ 
sion allows the design to be refined to that in Fig. 19. 
It takes four to five iterations to refine a design. Com¬ 
puter simulations require 6 days to run. Information to 
design the system is derived from the economic com¬ 
puter simulations and the differences between simula¬ 
tions. It would be very difficult to formulate a set of 
alternatives using power flow to design a system such as 
that in Fig. 19. 

A short visual examination can identify the poten¬ 
tial common elements in the four scenarios. A rigorous 
ranking produces a lot more computer work and does 
little better to identify a robust transmission plan of 
“least regrets.” The black lines are the HVDC lines. 
Green lines are 765 kV lines. Red lines are 345 kV. 
Orange lines are 500 kV (Figs. 26-29). 

EWITS skipped the Robustness Test, The Robust 
“least regrets” transmission selection, and the 


Reliability test. The Reliability section of the study is 
passing through the least regrets plan developed using 
economic techniques with the best estimate of the 
generation, usually a conservative forecast, to deter¬ 
mine if the plan could pass the tests that the Midwest 
ISO subjects all the reliability-based plans. The Mid¬ 
west ISO added a lot of dynamic reactive devices to the 
EWITS Scenario 2 transmission plan and loaded the 
HVDC to maximum generation with wind generation 
schedules to obtain a solved power flow. General Elec¬ 
tric set up a rough dynamics case and ran a few tests of 
AC and HVDC outages without showing any great 
concern. Although this process was very rough and 
would have to be run with many more contingencies, 
the study gives one faith that it may work with a large 
wind resource. The Midwest ISO is not about to finance 
a study to do a definitive dynamics study without the 
assistance of others for the Eastern Interconnection. 
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EWITS Scenario 1-20% strong western wind generation locations 
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EWITS Scenario 2-20% mixed wind generation locations 


The Eastern Interconnection Planning Collaborative 
will have to do one if it is to be done. If it were done, 
the wind generation levels would be far less than a 20% 
energy level. 

Figure 30 shows the total cost of the four EWITS 
futures. The wind capital cost contributes to most of 
the variation between the futures. Wind integration 
costs that people obsess about are a small portion of 
the total cost, even less than the projected variable 
operation and maintenance cost on the wind machines. 
Transmission is a distant third in the ranking of com¬ 
ponents behind Wind Capital Cost and Production 
Cost (Fuel&VOM). 

Wind Integration Studies 

Statistical distributions of the rate of change of power 
or ramping requirements were produced. Tails of 


the distributions were examined for the maximum 
rates of change. Generator spinning and fast start 
reserves were estimated to manage the tail events. The 
reserves in the economic simulations were changed in 
the dispatch algorithm to model the system operation 
with the higher reserves. The cost of operation with 
a perfect wind forecast and a forecast with forecasting 
errors were compared to determine the cost of wind 
integration. 

The output of the wind integration section of the 
study can be used to modify the assumptions to be used 
in the next iteration of the study. Spinning reserve, fast 
start requirements, and the capacity credit for wind are 
three key factors that modify the generation forecast 
assumptions list and available generation lists. 

Probabilistic or statistical planning techniques with 
multiple year runs are needed to assess the cost of 
variability and the effects on transmission system 
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EWITS Scenario 3-20% heavy offshore east coast wind generation locations 


design. Should one design a transmission system for 
the best wind year? It may be lower in total cost to 
curtail the extreme wind and build transmission 
more toward a value that would handle less wind. The 
economic studies allow one to determine the choice of 
the level to design transmission for wind energy 
variability. 

If one must meet 20% energy each year, for exam¬ 
ple, then there has to be more wind generation added 
and the associated transmission to deliver a good por¬ 
tion of the wind energy to account for low wind energy 
years. 

The wind energy variations are quite high when 
taken at the turbine or wind plant level. Geographic 
diversity of wind resources can be summed by 
a transmission overlay to produce a less variable wind 
energy resource than any of the individual plants. The 
EWITS study produced the graph in Fig. 5 that shows 
the reduction in variation of wind as the wind is 


aggregated. The variation of wind is reduced by 
a factor of 4 just by aggregation. 

One must remember that the weather affects 
load levels just as it does wind levels. Wind and load 
patterns must be matched using the same year for 
studies. Future years must be matched also. Multiple 
years of wind and load patterns are scaled to future 
load levels to produce hourly models for economic 
studies. If statistical models of wind were used, both 
the wind model and the load model would need 
to be matched. 

Fess generation is needed in reserve to manage the 
wind variation if there is a transmission system that can 
aggregate wind generation. The transmission lines that 
aggregate wind energy would have much higher vari¬ 
able loading that would be the case with conventional 
generation. The reactive power variations would pro¬ 
duce voltage variations on the AC power system if the 
wind were aggregated on the AC system. Dynamic 
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EWITS Scenario 4-30% wind energy, heavy everywhere wind generation locations 


reactive power support would have to be distributed 
across an AC transmission system to manage the volt¬ 
age in an all AC design. An HVDC transmission over¬ 
lay would restrict voltage regulation to be at the 
terminals of the HVDC converters. This would sim¬ 
plify the AC system design. If the HVDC system is 
scheduled to transmit variability, the areas receiving 
the variability in energy flow would have to provide 
dynamic reactive power support. Having the HVDC 
lines have varying schedules could relieve the AC sys¬ 
tem from having to have reserve generation close to 
the wind generation to control frequency and power 
interchange schedules. Probably gas fired generation 
would have reduced loading if the HVDC lines were 
delivering energy to an area. The gas generation on 
the receiving end could provide the regulation. Ancil¬ 
lary Services revenues would be increased for the gen¬ 
erators on the receiving end. Less total generation 
would have to be constructed to serve wind. More 


wind generation could be placed in areas with an 
HVDC convertor than could be accomplished without 
the HVDC convertor. The wind generation system 
would require fewer AC transmission ties to manage 
the wind variability. 

Other Information to Answer Questions 

Figure 31 provides information on the carbon dioxide 
reduction Scenario 2 sensitivity test for various carbon 
tax prices. The 30% wind energy level reduces carbon 
dioxide about the same as a $70/ton tax and costs less. 
This type of analysis is performed to answer questions 
about the carbon performance. Other information on 
the curtailment of wind, conventional generation 
capacity factors and the time running a minimum gen¬ 
eration, the number of starts on generation, the reve¬ 
nue changes on generation, all emissions, etc., can be 
produced from the economic simulations. 
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Total cost of the four EWITS futures 



Scenario 

Wind Power Grid Integration: Transmission Planning. Figure 31 

Carbon dioxide reduction Scenario 2: sensitivity test for various carbon tax prices 
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Conclusion 

Overlay transmission systems can be designed to eco¬ 
nomically and reliably serve load and deliver renewable 
energy. 

Overlays are a layer of transmission which spans the 
underlying transmission systems. Overlays require dif¬ 
ferent planning techniques than those of the underly¬ 
ing systems. 

The criteria and degree of study of the 
underlying and the overlay vary considerably. 
The underlying studies are more detailed con¬ 
cerning the design of the transmission facilities. 
Level of involvement in a number of departments 
of specialists may occur at a large utility. For a small 
utility one or a few people may perform many tasks 
to get the details necessary to construct a transmis¬ 
sion expansion. 

The involvement of many different people with 
widely varying backgrounds and interests have driven 
the transmission planning processes to provide more 
information than has been required in the past. Larger 
transmission expansions have attracted more stake¬ 
holders in the process. 

The creation of the RTO and the insertion of large 
amounts of wind energy and solar in some areas has 
changed the way transmission is being planned. Energy 
resources, such as wind, require probabilistic evalua¬ 
tions that exceed the conventional generation need for 
such analysis. 
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Glossary 

A Rotor area 
a Axial induction factor 
d Tangential induction factor 
B Number of blades 
C d Drag coefficient 
Q Lift coefficient 
C p Power coefficient 
Cp Thrust coefficient 
C e Tangential velocity in far wake 
D Aerodynamic drag 
L Aerodynamic lift 
M r Rotor shaft torque 
M Bending moment, torque 
P Power 
p Load 
R Blade radius 
r Local radius on blade 
T Thrust 

u Axial velocity in the rotor plane 
Ui Axial velocity in far wake 
V Q Wind speed 
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V re i Relative velocity to blade 
W Induced velocity 
ol Angle of attack 

0 Local blade angle with rotor plane 
p Air density 
cr Solidity, material stress 
<D Flow angle 
(o Angular velocity 

Definition of the Subject and Its Importance 

Wind energy has been used for thousands of years to 
drive sailboats, for grinding grains, and for pumping 
water. For approximately 100 years, wind energy 
has also been used to produce electricity by connecting 
the rotor shaft to a generator and thus transforming 
wind mills into wind turbines. With the growing 
awareness to find alternatives to fossil fuels in order 
to reduce the C0 2 emission and to become less depen¬ 
dent on oil-producing regions, wind energy has 
reached a new age, where wind turbines are no longer 
produced by local black smiths but by very large com¬ 
panies using advanced design tools similar to the aero¬ 
nautical industry. It is the purpose of this entry to give 
an introduction to wind turbine aerodynamics and 
describe the aerodynamic design tools presently used 
and what tools may be used in the future. 

Introduction 

Wind turbines are becoming a bigger and bigger 
contribution to the production of electricity, with global 
annual growth rates of more than 20%. In windy regions 
as, e.g., Denmark, 20% of the total electrical energy 
produced already stems from wind turbines, and this 
number is even higher in the western part, where the 
wind resources are larger. In the 1980s, where the com¬ 
mercial wind turbines were introduced to the market, 
they were considered a nightmare for the utility compa¬ 
nies since the electricity production from wind turbines 
is strongly correlated with the wind speed and thus 
variable in nature. The utility companies preferred 
a few large power plants (often coal, gas, or nuclear) 
that could easily be controlled to balance the consump¬ 
tion. Today they have realized that in windy areas, the 
price of electricity measured in $/kWh is actually com¬ 
petitive with the more conventional means of power 


production, and some of them have actually become 
developers that build and operate large wind farms. 
The production price from wind turbines has not always 
been as low as today, and the technological develop¬ 
ments done over the 30 years have helped. In the begin¬ 
ning, the fatigue loads from the turbulent wind 
approaching the rotor were not very well known, and 
therefore, the structures were built excessively strong 
using a lot of unnecessary material. Research on wind 
turbine aerodynamics has helped a lot to reduce the 
uncertainties of the loads, and thus, it has become pos¬ 
sible to reduce the weight measured in kg/kW and thus 
also the price of the wind turbines. Most of the theories 
are quite old and stem from propeller theory (ship and 
airplanes) [1], but have in recent years been extended 
with empirical models specifically dedicated to wind 
turbines. A very important contribution to this were 
two EU projects [2, 3], where most of the available 
design tools were tested against real measurements 
and the so-called engineering models calibrated 
against these full scale experiments. The first part of 
entry describes very basically the origin of the energy 
contained in the wind and next some very classical 
theory is presented as, e.g., described in [ 1, 4] defining 
many of the important parameters and non- 
dimensional numbers used in wind turbine aerody¬ 
namics. Next, the classical Blade Element Momentum 
method (BEM), as derived in [1] but with the neces¬ 
sary engineering models derived in, e.g., [2, 3] is 
shown. The BEM model is still by far the most used 
tool in wind turbine design and load calculations, since 
it is very fast and in most cases quite reliable. Finally, 
some more advanced numerical tools based on Com¬ 
putational Fluid Dynamics will be addressed. 

Where Does the Energy Come From 

The energy extracted from a wind turbine comes from 
extracting some of the kinetic energy contained in the 
wind. In Fig. 1, A denotes an area perpendicular to the 
wind velocity. 

The mass flow, m [kg/s], that travels through this 
area with a speed of V Q is 


Am = pAL = pAV 0 At => m = = pAV 0 (1) 
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Figure 1 

Volume of air that has traveled through the area, A, with 
a speed of V Q in time Af 

where p denotes the air density slightly depending on 
temperature and atmospheric pressure but approximately 
1.2 kg/m 3 . For a wind turbine rotor with a diameter of 
90 m and wind speed of 10 m/s, the mass flow is around 
76 t/s. The kinetic energy, AE^ n , contained in the air 
volume shown in Fig. 1 is 

A-Ek in = ^ A mV 2 0 = \pAVlM (2) 

and thus the available power (provided that the wind 
speed could be reduced to 0 m/s) 

PavaU = ^?^ 2 MV ° 3 ^ 

In order to extract kinetic energy from the wind, it 
is necessary to create a force opposite to the wind 
velocity and thus reducing the wind speed to some¬ 
thing less behind the rotor. This force is denoted the 
thrust, T [N], and is a result of the loading normal to 
the rotor disc, pN(r) [N/m], T = Pn(t) dr, see Fig. 2. 

How Is the Energy Harvested 

The thrust force is created by the local flow past the 
rotor, which resembles a man cycling with the wind 
coming 90° to his heading, see Fig. 3. 

In Fig. 4 is shown a similar situation, where the 
velocity of the bike is replaced by the rotational speed 
of the rotor, co-r. 

Comparing Figs. 3 and 4, it is seen that the only 
difference is an extra velocity, W, appearing on the 
blade section. This velocity is denoted the induced 
velocity and is caused by the aerodynamic forces 


— 


V 0 T 
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Figure 2 

Thrust force stemming from normal load distribution to 
slow down the wind speed 




Wind Power, Aerodynamics and Blade Technology. 
Figure 3 

Man cycling with the wind speed coming 90° to his 
heading 

created by the flow past the blades. The relative wind, 
V re i, seen by a blade section is thus the vector sum of the 
wind speed, V G , the induced wind, W, and the rota¬ 
tional velocity due to blade rotation, co-r. If the blade 
section shown in Fig. 4 is mounted at an angle to the 
rotor plane, 6, then the flow past the blade section is 
similar to the flow past an airfoil with an angle of attack 
of a as shown in Fig. 5. O is denoted the flow angle, and 
the angle of attack is the difference between the flow 
angle, ®, and 6. 
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Figure 4 

Flow seen on a local section of the blade. The situation 
resembles the cycling man seen in Fig. 3, except for the 
induced velocity W 

From Fig. 5, it is directly seen that the normal load 
stems from the lift and drag projected normal to the 
rotor plane as 

pN = L cos (j) + D sin <fi (4) 

Also there is a tangential load, which can be found 
as the lift and drag projected into the rotor plane as 

pT = L sin (j) — D cos (J) (5) 

The induced velocity shown in Fig. 4 is a direct 
result of the aerodynamic load that also influences the 
incoming air. To conclude, the thrust needed for 
extracting kinetic energy from the air is created by the 
normal component of the aerodynamic loads and the 
tangential loads yield a torque on the rotor shaft, M R , 
that can be used to drive a generator as 

M r = J rpjdr ( 6 ) 

From Fig. 4, it is seen that the angle of attack, a, is 
increased with increasing wind speed provided that the 
angular velocity is kept constant. The lift force is for 
small angles of attack increasing almost linearly with 
the attack a, since the airflow following the aerody¬ 
namic profile is more and more bent requiring larger 
pressure forces. For these low angles of attack, the drag 
force is small and relatively constant. There is, however, 
a limit on how much the flow can be bent, and at 
a certain angle of attack, the flow will no longer be 
able to follow the surface of the airfoil but will separate 
and large vortices are formed on the downwind side of 
the wind turbine blade. In this situation, the flow is said 
to stall and the lift is decreased and the drag is quickly 
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Figure 5 

Aerodynamic forces on an airfoil with an angle of attack of 
a with the incoming wind 

increased, reducing the tangential load, see Eq. 5. When 
the tangential load is decreased also the rotor torque is 
reduced, according to Eq. 6, and thus also the power. 
This is exploited on so-called stall-regulated wind 
turbines where the blades are rigidly clamped to 
the hub and the angle with the rotor plane is thus 
constant. If the angular velocity at the same time is 
constant, then the wind turbine will stall at a certain 
wind speed and thus passively reducing the power at 
high wind speeds. 

How Much Energy Can Be Harvested 

To answer this question, one must consider an ideal 
rotor without losses. Figure 6 shows a streamtube 
intersecting the rotor plane at radius, r. 

The conservation of linear momentum on the con¬ 
trol volume comprised by the streamtube and 
neglecting the axial component of the pressure forces 
yields the local contribution, dT, to the total thrust 

dT = p • u • dA(V o — u\) = 2nrpu(V 0 — u\)dr 

(?) 

where pudA = Inrpudr = dm denotes the mass flow 
through the rotor. dA is area of the strip in the rotor 
plane, u the velocity in the rotor plane, and u x the 
velocity in the far wake. Further, the Bernoulli equation 
can be used from point 1 to 2 and again from point 3 to 4 
in Fig. 6, yielding that the pressure jump across the 
rotor can be expressed as 


w 
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Figure 6 

Streamtube of the flow through the rotor 


^P = \p(V 2 -u 2 1 ) ( 8 ) 

Utilizing that the thrust force stems from the pressure 
jump across the rotor as dT = dA ■ A p Eqs. 7 and 8 give 
that the velocity in the rotor plane is the mean of the 
undisturbed wind speed and the speed in the far wake 

u = |(V° + u\) (9) 

For more details about the derivations of Eqs. 7-9, 
see [5]. Due to the tangential loads, Eq. 5, the wake is 
set into rotation and the relationship between local 
torque, dM, and tangential velocity in the far wake, 
Cq, can be estimated using the conservation of angular 
momentum and since the power is the torque multi¬ 
plied with angular velocity, the local contribution to 
the power becomes 

dP = codM = co • dm • r • Cq = 2nr 2 copuQjdr 

( 10 ) 

The axial, a, and tangential, a', interference factors 
are introduced as the non-dimensional axial and tan¬ 
gential induced velocities in the wake just behind the 
rotor as 

Waxial 


^ _ ^tangent 


The induced velocity, W = (W axia i, Wtan g ent)> is 
drawn in Fig. 4. Equations 7 and 10 are derived as if 
the loads, tangential and normal, are distributed evenly 
on the annulus at the rotor plane sketched in Fig. 6. 
This situation corresponds to a wind turbine with an 
infinite number of blades, and since this is in practice, it 
is not the case Prandtl derived a correction to the 
momentum equations by introducing the so-called 
Prandtl tip loss factor 

2 / 

F = — cos exp 

71 \ 

where B is the number of blades, R the rotor radius, 
r the local radius, and (j) the flow angle at radial 
position r. The correction is applied by multiplying 
the right hand sides of Eqs. 7 and 10 by F. More 
information on the derivation of PrandtPs tip loss 
correction can be found in [1]. 

Utilizing this correction and applying expression 
(9) for the axial velocity at the rotor plane together 
with the definitions of the axial and tangential induc¬ 
tion factors yields an expression for the available power. 
Note the induced velocity in the far wake is twice that of 
the one in the rotor plane, i.e., Q = 2 a'cor 

dP = Anpco 2 V 0 aF(l — a)r 3 dr (12) 

Equation 12 can be integrated to 

f R 

P = Anpoo 2 V 0 / a'F(l — a)r 3 dr (13) 

Jo 

Now introducing the power coefficient, C p , as the 
ratio between the shaft power and the maximum avail¬ 
able power 


BR-r 


2 r sin 


(ii) 


Cp 


p 

Ipvp 


(14) 


and the tip speed ratio, 2, as the ratio between the 
rotational speed of the tip and the free wind speed 



(15) 


Eq. 13 can be expressed in terms of the power coeffi¬ 
cient and the tip speed ratio as 



(16) 


cor 
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So to optimize the power coefficient, the expression 
f(x) = a'F( 1 — a)x 3 should be maximized for each 
radial position x = cor/V Q 

Doing this, one utilizes following relationship 
between a and a ', which can be derived geometrically 
from Figs. 4 and 5 and assuming the induced velocity to 
be in the same direction as the lift 


x 2 a'( 1 + a') = a( 1 — a ) 


(17) 


Assuming zero drag and optimizing f(x) and inte¬ 
grating Eq. 16 numerically yield the following curves 
shown in Fig. 7a for the power coefficient as a function 
of the tip speed ratio and the number of blades. These 
curves show the theoretical maximum of C p when all 
losses are neglected. It is also seen for a fixed tip speed 
ratio how the power depends on the number of blades. 
The asymptotic value for an infinite number of 
blades and an infinite tip speed ratio can be shown to 
be C Pjmax = 16/27 « 60% and is denoted the Betz limit 
and is considered the highest possible ratio of the 
available power that can be harvested from the wind. 
This occurs at a thrust coefficient, C T = 8/9 ~ 0.89, 
where Cp is defined as 


Ct 


T 


(18) 


If one reduces the thrust force, T, below this value, 
the slowing down of the wind speed is reduced and thus 


also the decrease in kinetic energy that can be harvested 
into shaft power. If, on the other hand, the thrust is 
increased above the optimum value, then air is flowing 
around the wind turbine instead of through the rotor 
disc and thus reducing the effective mass flow through 
the rotor and again reducing the decrease in kinetic 
energy from upstream to downstream of the wind 
turbine. In Fig. 7b, it is shown how the power coeffi¬ 
cient depends on the tip speed ratio when drag is taken 
into account and it is seen that to maximize C p , one 
should increase the lift to drag ratio. 

Environmental Conditions 

A wind turbine rotor is not facing a constant wind but 
a wind field that is continuously changing in time and 
space due to atmospheric turbulence, wind shear, and 
influence of the tower. The wind shear is created by the 
friction between the wind and the ground, and the 
atmospheric turbulence is produced mechanically and 
thermally. The thermal contribution comes from an 
uneven heating of the surface, and if the temperature 
of the air close to the surface becomes high compared 
to air above, a plume of air may rise creating a mixing 
of the flow. The mechanical mechanism is mainly 
driven by the unstable boundary layer developed by 
the friction with the surface, where the wind speed 
becomes zero. Also the flow past obstacles and complex 
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(a) The theoretical maximum power coefficient, neglecting all losses, as a function of the tip speed ratio and number 
of blades, (b) The theoretical maximum power coefficient, when the drag is also taken into account, as a function of 
the tip speed ratio for a fixed number of blades of 3 
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terrain will cause mechanically generated turbulence. 
Figure 8 shows a snapshot of such an inflow to a wind 
turbine. The wind shear is drawn by the dashed line 
that represents the time-averaged velocity at a given 
height. Another very severe example is when a wind 
turbine is placed behind one or more wind turbines in 
a wind farm. In this case, the turbine will experience 
higher turbulence due to the extra turbulence created 
by the wake of the upstream turbines. 

Since the inflow varies in time and space, a local 
segment on one of the blades will experience a con¬ 
stantly changing wind speed, and thus the angle of 
attack and thereby also the aerodynamic loads as indi¬ 
cated in Fig. 4 will constantly change in time and will 
thus contribute to fatigue damage. So before the loads 
and thus the output of a wind turbine are calculated, 
one needs to generate a realistic time and space history 
of the wind field. Realistic in the sense that it has the 
same statistical properties as the free wind, both with 
respect to the power spectrum and spatial correlations 
as e.g., described in the IEC norm [6] . Some of the most 
used methods to create a 3D time-varying wind field 
are described in [7, 8]. 
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Figure 8 

A snapshot of a typical inflow to a wind turbine 


Blade Element Momentum Theory, BEM 

The most used tool for predicting aerodynamic loads 
on a wind turbine is the so-called BEM method (Blade 
Element Momentum method). The BEM model is very 
popular since it is extremely fast compared to more 
sophisticated methods such as Computational Fluid 
Dynamics. A fast method is needed since the loads on 
a wind turbine are by nature time dependent mostly 
due to the time-varying incoming wind. Often time 
series of 600 s are required and a typical time incre¬ 
ment, At, could be 0.02 s. That is the loads have, for 
each time series, to be calculated approximately 30.000 
times. To do a full design calculation following, e.g., the 
IEC norm [6] would require in the order of 1,000 such 
time series. It is therefore in the next many years 
completely unrealistic to do CFD for a complete design 
verification. 

The BEM model is basically a steady model that 
computes the flow state where the airflow through the 
rotor is in equilibrium with the aerodynamic loads 
along the rotor blades. In order to calculate the 
unsteady loads, several so-called engineering models 
must be added. They are called engineering models, 
since they do not solve directly the physics behind the 
various phenomena but merely models their effects. 
The most important one is called dynamic wake or 
dynamic inflow since it introduces a time delay to the 
change in the air velocities whenever the aerodynamic 
loads are changed by, e.g., pitching the blades, see e.g., 
[2, 3]. The time constant for dynamic inflow/wake is 
for large wind turbines in the order of 10 s and very 
important, especially for pitch-regulated wind tur¬ 
bines. Another time delay model called unsteady airfoil 
data or dynamic stall is also added. A section on a wind 
turbine blade is constantly experiencing a time-varying 
angle of attack at a relatively high frequency mainly 
due to not only turbulence but also wind shear, yaw 
misalignment, and tower passage. The flow over this 
airfoil section is thus never in equilibrium with the 
instantaneous angle of attack, but is lagging behind in 
time but always chasing the instantaneous equilibrium. 
The time constant for the unsteady aerodynamics is 
much lower than the dynamic wake/inflow and in 
the order of 0.01 s, but including the model is impor¬ 
tant since depending on the mean angle attack, the 
amplitude, and frequency, it may enhance stability, 
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see e.g., [9-11]. Also a model is included that redistrib¬ 
utes the induced velocities azimuthally whenever the 
rotor is not perfectly aligned with the wind. This redis¬ 
tribution yields a restoring yaw moment and is thus 
important for floating wind turbines with very low 
torsion stiffness in the tower. The BEM method relies 
on 2-D airfoil data, Q(a) and Ca(a), to calculate the lift 
and drag, p denotes the air density and c is the width of 
the local airfoil and denoted the chord. 

L = ^V r 2 el cQ(a) (19) 

and 

D= 1 -pV? el cC d (a) (20) 

The relative velocity, V re \ = | V re \ |, and the angle of 
attack, a, is computed from Fig. 4 as 

a = — 6 (21) 

and 


^rel = Vo + W ~ V rot (22) 

where V rot is the rotational speed of the blade section 
and W the induced velocity as defined by 
W = (Waxial, Wtangent). If the induced velocity is 
known then the relative velocity and thus the flow 
angle can be calculated by Eq. 22 and then the angle 
of attack is given by Eq. 21 and finally the aerodynamic 
loads from Eqs. 19 and 20. The induced velocity is 
a direct result of the aerodynamic loads on the incom¬ 
ing air. If one puts up the balance between the local 
thrust force expressed by the momentum deficit in the 
wake as given by Eq. 7 and expressed directly from the 
aerodynamic loads Eq. 4, utilizing that dT = Bp^dr, 
then an expression for the axial induction factor, 
Eq. 23, can be derived. Similarly an equation for the 
tangential induction factor, Eq. 24, can be derived 
through the conservation of angular momentum and 
the local torque from the blades dM = Brpjdr. 


1 


4Fsin 2 (f) 

<jC n 


+ i 


(23) 


a = 


4 F sin </> cos (f) -i 

oC t 1 


(24) 


</> is the flow angle, F is PrandtEs tip loss correction, 
a = Be/2nr is called the solidity, and C n = p^/ \pV^\C 


and C t = pr/ \P^rd c are norma l and tangential 
force coefficients, respectively. 23 and Equations 24 
yield the induced velocity in non-dimensional form 
and they must in principle be solved iteratively since 
a and a' depend on </>, C n , and Q that again depend on 
a and a'. Equations 23 and 24 express the situation 
where the induced velocity is in equilibrium with aero¬ 
dynamic loads. However, the induced velocities change 
very slowly in time due to the inertia of the mass of 
air affected by the rotor loads. This phenomenon is 
denoted dynamic inflow or dynamic wake and a typical 
time constant is in the order of 10 s. In an unsteady 
BEM calculation where the time step is in the order of 
0.01-0.05 s, the induced velocity changes very little in 
one time step and one can thus simply use the value 
from the previous time step on the right hand side of 
Eqs. 23 and 24 when updating a new set of quasi steady 
values of a and a'. Having done this, one puts these 
quasi steady values through a dynamic wake filter to 
simulate the inertia as, e.g., shown in [2] to determine 
the final induced velocity at the new time step. Know¬ 
ing this, one can now compute at this new time the 
aerodynamic loads as described above and one can then 
proceed to the next time step. If the thrust coefficient, 
C r , as defined in Eq. 18 is large, that is, the force 
responsible to slow down the wind speed becomes big 
compared to the momentum of the incoming flow, 
then the flow through the rotor is no longer comprised 
by nice streamlines as sketched in Fig. 6 but is much 
more complicated. This case is denoted the turbulent 
wake state and is characterized by large zones in the 
wake containing reversed flow. Here the momentum 
theory simply breaks down and Eq. 23 is replaced by an 
empirical relationship between the thrust coefficient 
and the axial induction factor as 

_ f 4a(l — a)F a — 3 

T ( 4a(l — |(5 — 3a)a)F a>\ 

The BEM is so fast that it on a fast computer 
can calculate the dynamic behavior of a wind turbine 
in real time, also taking the structural response of the 
wind turbine into account. Doing this, the structural 
velocities are included when estimating the angle of 
attack, and the strong coupling between the aerody¬ 
namic loads and the structural response is denoted 
aeroelasticity. 
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Computational Fluid Mechanics 

Instead of solving the global momentum equations as 
in the BEM model one could alternatively solve the 
Navier-Stokes equations, which are also momentum 
equations but in differential form. This has the advan¬ 
tage that none of the so-called engineering models are 
needed, since all the physics modeled through time 
delays as, e.g., the response of induced velocities on 
a change in loads is directly contained in the governing 
flow equations. Also if a full Navier-Stokes simulation 
is performed, then the uncertainty in the 2-D airfoil 
data, Q(a) and Q(a), is in principle removed. This is of 
course provided that it is possible to calculate correctly 
the flow on the blades including the transition from 
laminar to turbulent boundary layer and the correct 
separation lines. Full 3-D CFD calculations are made 
since the 80 th about fixed wings for airplanes and heli¬ 
copter rotors using unsteady Euler solvers [12-15] . The 
first full Navier-Stokes solutions of wind turbine rotor 
aerodynamics were published in the 1990s [16-21], 
where [16] is considered the first complete wind tur¬ 
bine rotor calculation using the 3-D Navier-Stokes 
equations. However, the first viscous 3-D calculation 
of a rotating wind turbine blade was made using 
a viscous-inviscid interaction technique [22], where 
the potential flow applying a panel method was 
coupled with the 3-D boundary layer equations. With 
this model, it is possible to calculate the flow up to 
a moderate separation. The breakthrough of CFD 
for wind turbines came with the blind test organized 
by the National Renewable Energy Laboratory, NREL, 
after a controlled measurement campaign of a real 
wind turbine in the NASA Ames 80 x 120 ft wind 
tunnel [23, 24]. CFD computations made by Riso 
National Laboratory [25] fitted very well the measured 
flow and pressure distributions even at high angles 
of attack and have later inspired other research groups 
and industry to apply CFD in their aerodynamic 
research. 

Doing CFD one has first to create a computational 
grid resolving the blades and the outer flow domain (in 
and outflow). This grid should in principle be fine 
enough to capture all the scales of the vortices com¬ 
prised in the flow. It is not possible to resolve the 
smallest turbulent eddies since this would require an 
enormous number of gridpoints. Therefore one often 


solves the Reynolds Averaged Navier-Stokes, RANS, 
equations where the equations have been time aver¬ 
aged. To solve these, one needs to model the Reynolds 
stresses coming from the unsteady perturbations 
from the turbulent eddies. Most of the recent RANS 
simulations for wind turbines were done using the k-co , 
SST model [26] or Spalart-Allmaras [27]. The RANS 
models do, however, have some problems computing 
accurately the flow and thus blade loads in massive 
stall. It seems that more modern methods like the so- 
called Detached Eddy Simulation, DES [28, 29], 
give better results in stall, but at a much higher com¬ 
putational cost. In a DES model, the dynamics of 
the larger vortices bigger than the computational mesh 
is directly simulated, whereas the influence of the 
smaller vortices is modeled similar to RANS. There is 
hope that when a DES model is used together with a 3-D 
transition model, very good results can be obtained also 
at massive stall. But even then there is no way that this 
type of CFD models can replace the BEM method in 
design validation calculations were up to thousand 
time series of 600 s needs to be calculated. But CFD is 
used to validate the airfoil data used in the BEM calcu¬ 
lations for new designs and they are used together with 
measurements to check and calibrate the engineering 
models needed by the BEM method. 

There exist some hybrid methods that sometimes 
are used in the design calculations and where CFD 
replaces the calculation of induced velocities, but 
where the actual boundary layers on the blades is 
replaced by volume forces determined from airfoil 
data in a similar way as in the BEM method. One 
such model is the Actuator Line model, AL model 
[30], where the kinematics of the wake is determined 
directly by Navier-Stokes equations but the aerody¬ 
namic loads calculated using tabulated airfoil data 
and estimating the local angle of attack in the compu¬ 
tational grid at the position of the blades. These 
methods are very well suited to use when calculating 
the flow within a wind park, where turbines are placed 
behind other turbines. 

Another type of CFD model used for wind turbines 
is the vortex methods, where vorticity is shed into 
the wake depending on the time variation of the lift 
(bound circulation). One such method is the 
GENUVP code [31]. 
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Rotor Blades 

Having determined the outer geometrical blade shape 
(airfoils, twist, and planform) using, e.g., a BEM code 
together with some optimization algorithm, one has to 
build a blade that can withstand the ultimate and 
fatigue loads. Most wind turbine blades are built from 
glass fiber mats glued together by epoxy or polyester. To 
carry the shear forces, so-called shear webs connect the 
suction side of the blade with the pressure side. These 
shear webs also ensure the thickness of the blade, that 
is, that the blade is not squeezed together, when the 
blade is bent by the aerodynamic loads. When building 
a blade, one often makes a shell of the pressure and 
suction side, respectively, and glues the two parts and 
the shear webs together as sketched in Fig. 9. One has to 
prove by applying all the load cases described in the 
norms [6] that the structure will not fail during its 
design lifetime of typically 20 years. 

When a blade is geometrically upscaled from one 
radius, R u to a larger radius, R 2 , all lengths are scaled 
with the ratio R 2 /Ri, see Fig. 10. By operating the new 
blade at the same tip speed ratio as the old smaller 
blade, one ensures that the local blade sections at sim¬ 
ilar non-dimensional positions, r/R , experience the 
same flow angle and thus the same angle of attack. 

Also the rotational speed is the same at similar non- 
dimensional positions, r/R , along the blade and thereby 
also the relative velocity. The only thing changing for 
the aerodynamic loads, Eqs. 19 and 20, is the chord, 
which increases as R 2 /Ri . That is the aerodynamic loads 
increase linearly with the radius, and the blade bending 
moments, M = Jrp(r)dr , thus increase as the third 
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Figure 9 

Sketch of a cross section in a typical wind turbine blade 


power of the upscaling. The material stress is calculated 
about the principal axes, see Fig. 9, as 

M m 2 

o = —x 2 -—Xi (26) 

h h 

and since the moment of inertia, J, increases with the 
fourth power of the length, the material stress from the 
aerodynamic loads is unchanged when upscaling 
a blade. The minus sign on the second term on the 
right hand side of Eq. 26 is because compression stress 
is considered positive and tension negative. For gravity 
loads, the upscaling causes problems, since the mass 
per length, m [kg/m], increases with the power of two 
of the radius, i.e., the bending moments from gravita¬ 
tional loads, p = mg , increases as the fourth power with 
the radius and finally the material stress will increase 
linearly with the radius according to Eq. 26. This puts 
a limit to how much one can do a simple upscaling of 
a wind turbine blade, because at some point, the stress 
from the gravitational loads will exceed the ultimate 
stress that the material can carry before failure. So when 
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Figure 10 

Geometrically upscaling of a blade multiplying all lengths 
by Keeping the same tip speed ratio, X = coR/V 0 , 
the angles of attack at the non-dimensional positions, 
r/R, are the same 
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building bigger and bigger blades, one has to make the 
blades relatively lighter by using less material or at 
some places changing to a stronger and lighter mate¬ 
rial, e.g., carbon fiber. 

Future Directions 

In the future, one will still rely on the BEM method, 
when calculating all the design cases required by the 
norms. Probably also the BEM method will be used in 
optimizations, since this normally requires many cal¬ 
culations of the design which is changing during the 
optimization process. However, the final design will be 
checked using full 3-D CFD to see if there is some 
unexpected flow taking place. Further, CFD will be 
used to estimate the local lift and drag coefficients 
along the blade needed as input to the BEM method. 
In many years to come, the CFD tools will be sharpened 
with respect to transition models, turbulence models, 
and computational efficiency/resolution, that is, the 
affordable number of gridpoints. 

Finally, hybrid methods such as the Actuator Fine 
method will be applied when investigating the aeroelas- 
tic behavior of wind turbines placed in large wind 
farms, where the inflow is heavily altered from the 
upstream turbines compared to the turbines in the 
first row seeing the undisturbed wind. 
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Windmills have existed for at least 3,000 years, mainly 
for grinding grain or pumping water. The use of wind¬ 
mills to generate electricity is a twentieth-century 
development and in the early 1970s started the devel¬ 
opment toward modern wind turbine technology. 
Wind power has increased significantly during the last 
decade and there are currently many power systems, or 
subsystems, with comparatively large amounts of wind 
power. In 2009, Spain covered 14% [1] of their electric 
energy demand with wind power. The corresponding 
figures were for Portugal 15% [2], Ireland 11% [3], and 
Western Denmark 25% [4]. 


This means that wind power has developed from 
a marginal source to a source with important impact on 
national power system balances. But in many countries, 
wind power still only contributes to a small part of the 
electric supply. The total installed capacity at the end of 
2009 reached 158,000 MW including 37,000 MW 
installed during 2009. A third of these additions were 
made in China, which experienced yet another year of 
over 100% growth [5]. From 1996 to 2009 the mean 
increase of the amount of wind power was 28% per year. 

There are several reasons why wind power increases 
so fast. They include (a) more cost-efficient technology, 
(b) higher energy prices depending on high demand 
and decreasing oil resources, and (c) increasing interest 
in energy sources with low emissions of C0 2 and other 
gases. 

To be able to develop this type of system it is 
necessary to combine knowledge from several areas 
such as meteorology, aerodynamics, mechanics, elec¬ 
tric machinery, and power systems. In order to obtain 
a cost-efficient wind power system with low environ¬ 
mental impact, all these parts have to be integrated 
together with a power system which can balance and 
transfer the produced power from the wind power 
plants to the power consumers. 

Figure 1 shows the basic energy flow from the wind 
to electricity for the final consumer. 

The basic energy flow starts with the wind. Winds 
are movements of air masses in relation to the ground 
surface. The winds are caused by pressure forces and 
sometimes also by the gravitation. The main origin of 
winds is temperature differences. The horizontal com¬ 
ponent is dominating. The energy in the wind comes 
from the mass, that is, the air, which is in motion. This 
is called the kinetic energy of the wind. To “use wind 
energy” is the same as transferring this kinetic energy 
into, for example, electric energy. Thereby the kinetic 
energy is decreased, that is, the wind speed is decreased. 
A wind turbine transfers the energy in the wind into 
a turning torque on the turbine shaft. A basic 
understanding of how this works can be obtained 
from aerodynamics and classic theory concerning 
forces when an airfoil moves in a flow. The turning 
torque of the turbine shaft then drives the generator 
and the output is then electric energy, that is, 
the generator transfers the mechanical energy in the 
rotating shaft into electric energy out from the 
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Energy transfer from the wind resource to the final consumer 


generator. The electric energy is then transferred to the 
consumers on electric wires and consumers finally use 
the energy for lightning, heating and cooling or for 
appliances such as computers or other electric 
machines. There must also be a system solution in 
order to supply the consumers with electricity exactly 
when they need it, which may not be the same situation 
as when the wind blows. 

This section on Wind Power is comprised of 
12 detailed entries which present the technology basis 
of this important source of electric power. The chapter 
on “Meteorology and Wind Power” describes the 
development in Wind Power Meteorology followed by 
“Aerodynamics and Blade Technology for Wind 
Power,” which contains a description of the function 
and efficiency of a blade. The generation of electricity is 
then described in “Wind Power Grid Integration: Local 
Grid and Power Quality and Wind Power Generator 
Systems” and the specific challenges of offshore 
installations are shown in “Offshore Wind Power, 
Including Connection to Shore.” Since wind power is 
changing in intensity, the balancing of this source is 
crucial which is described in “Wind Power, Balancing 
of all Sustaining Factors” while in “Wind Power: 
Economy, Market, Subsidies, Payment Mechanisms, 
and Capacity Credit,” the economics of wind power is 
handled. Transmission issue of wind power grid 
integration is discussed in an interesting contribution 
called “Wind Power: Transmission Planning.” Another 
interesting and increasing possibility is small-scale 
wind power which is treated in “Wind Power Systems, 
Small Scale.” The environmental impact and accep¬ 
tance are handled in “Wind Power - Environmental 
Impact: Noise Emissions” concerning noise emission 


and in “Wind Power: Basic Challenge Concerning 
Social Acceptance” with the issue of public acceptance. 
The technology, economy, and acceptance have led to 
a global fast increase of wind power which is finally 
summarized in “Wind Power Installations, Global.” 
Key aspects of each of the above listed entries are 
presented below. 

Meteorology and Wind Power 

The availability of a suitable wind resource at a turbine 
site and the ability to accurately calculate it over the 
20—year life span of the turbine are essential precondi¬ 
tions for the developments of wind energy as a major 
global provider of electricity. Therefore, the objective 
for research on wind conditions for wind energy 
resource and design purposes is to be able to determine 
the wind conditions with a high accuracy at any place 
on the Earth which could be a potential site for wind 
energy exploitation. The wind conditions at a specific 
site are basically dependent on two factors: the regional 
climatology and the local topography. The current fast 
development in Wind Power Meteorology can be 
termed “From Global to Local” which is synonymous 
with the process that goes from catching the relevant 
information from Global dataset, applying the data in 
meteorological models from global to mesoscale, which 
in turn produces spatial and temporal information to 
be used by microscale models to produce the relevant 
information on the wind conditions for design and for 
power production at a specific site for specific wind 
turbines. Therefore, most studies of wind conditions 
for wind power still rely on the use of local measure¬ 
ments in combination with microscale models. 
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Aerodynamics and Blade Technology 
for Wind Power 

The energy extracted from a wind turbine comes from 
extracting some of the kinetic energy contained in the 
wind. Assume that the wind speed is constant, and that 
the wind turbine is rotating at a constant speed. This 
implies that each part of the blade is hit by a constant 
wind speed, but not the same total wind speed since 
this is the vector sum of the wind speed and the turning 
speed, which increases depending on the distance from 
the center of rotation, since the rotational speed 
increases proportional to the radius. The wind speed 
and the turning speed are about perpendicular since 
the wind turbine is turned toward the wind. The airfoil 
has an angle of attack of a to the air stream. This angle 
is the angle between the chord, c, and the direction of 
the flow, V. This angle then changes if only wind speed 
changes, only rotational speed changes, or if the blade 
is pitched. 

The aerodynamic efficiency is connected to the 
ratio between the tip speed and the wind speed. From 
efficiency point of view, the blades should move faster, 
that is, higher speed of the shaft, when the wind speed is 
higher, and this has an impact on the requirements of 
the electric generation system. 

Since the wind speed varies in time and space, 
a local segment on one of the blades will experience 
a constantly changing wind speed, and thus, the angle 
of attack and, thereby, also the aerodynamic loads will 
constantly change in time and will thus contribute to 
fatigue damage. This means that the amount of turbu¬ 
lence in the wind has to be considered when blades are 
designed. Having determined the outer geometrical 
blade shape (airfoils, twist, and platform) using, for 
example, the Blade Element Momentum theory 
(BEM), together with some optimization algorithm 
one has to build a rotor blade that can withstand the 
ultimate and fatigue loads. Most wind turbine blades 
are today built from glass fiber mats glued together by 
epoxy or polyester. 

Wind Power Grid Integration: Local Grid, Power 
Quality and Wind Power Generator Systems 

The electrical system of a wind turbine could be 
referred to as the heart of the wind turbine. The main 
purpose of the electrical system is to convert the 


incoming mechanical energy on the shaft to electrical 
energy that is fed into the connected power grid. This 
conversion should be done with a minimum of losses as 
well as with the smallest size possible. 

In addition, the electrical system has the ability to 
influence the power quality impact that a wind turbine 
has on the power grid and also the ability to control the 
speed and torque on the machine shaft (if it is equipped 
with a power electronic converter) and, in this way, to 
maximize the energy capture as well as to keep the 
stresses on the structure to a minimum. 

These requirements (high energy capture, good 
power quality impact, low stresses on the structure in 
order to minimize the material needed) have in com¬ 
bination with the technical development led to an 
evolution of wind turbines and definitely regarding 
the electrical systems of wind turbines. This develop¬ 
ment is continuously ongoing and is the reason to 
why there are several different concepts of electrical 
generating systems for wind turbines. 

Offshore Wind Power, Including 
Connection to Shore 

Offshore Wind Power is defined as construction of 
wind farms, located in the water, generating electricity 
from wind. Land-based wind power will remain dom¬ 
inant in the immediate future but installations at sea 
will become increasingly important. There are already 
today, 2010, several installations in Denmark, Sweden, 
UK, and Germany. 

Compared to onshore wind, offshore wind is more 
complex and costly to install and maintain but also has 
a number of key advantages. Winds are typically stron¬ 
ger and more stable at sea than on land, resulting in 
significantly higher production per unit installed. At 
sea, wind turbines can be bigger than on land because 
of the logistical difficulties of transporting very large 
turbine components from the place of manufacturing 
by road to installation sites on land. 

Wind Power, Balancing of All Sustaining Factors 

Wind power balancing considers the challenge to 
keep a continuous balance between total production 
and total consumption in a power system. The 
varying wind speed introduces special considerations 
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concerning how to keep this balance in an efficient way. 
In a power system, there is always a challenge to keep 
the balance between total production and total 
consumption. This challenge has existed ever since 
the first power systems were installed more than 
100 years ago. With the increasing amount of wind 
power new challenges arise. 

There are always changes in production and con¬ 
sumption in all power systems since the load changes 
continuously and there are sometimes sudden outages 
in power plants and/or power lines. Despite these 
changes, the continuous balance between production 
and consumption is always kept. With larger amounts 
of wind power, the net changes in the controllable part 
of the production and consumption system will 
increase since wind power changes will increase the 
overall changes seen by the rest of the system. The 
challenges include balancing of changes, and keeping 
enough margins for reacting to changes depending on 
uncertain forecasts. Also, methods for estimation of 
the size of the increased challenges need to be 
addressed, as well as efficient market rules for an eco¬ 
nomic operation. When the share of wind power 
increases or is expected to increase it is common that 
so-called “integration studies” have been performed 
and the setup of these ones can be essential for a 
realistic estimation of the consequence of more wind 
power. 

Wind Power: Economy, Market, Subsidies, 
Payment Mechanisms, and Capacity Credit 

With increasing concern regarding climate change 
and emissions from conventional power plants, new 
markets have developed that allow for the trading of 
the clean energy attributes of wind and other renew¬ 
able energy sources. Two examples are green power 
markets and renewable energy standards. Wind energy 
can also be bought and sold in wholesale energy 
markets including bulk power exchanges. In some 
areas, capacity markets exist that provide payment 
for installed capacity that is available when needed. 
Capacity markets are generally based on the capacity 
contribution that a power plant or responsive load 
can make toward planning reserves, which is called 
the capacity credit or capacity value. The general 


motivation behind a capacity market is to ensure 
sufficient revenue for the generator and ensure suffi¬ 
cient installed capacity. 

In some countries, government incentives exist that 
encourage the development and use of wind energy 
(or other renewable energy sources). These include, 
for example, renewable energy standards, wind energy 
tax credits, or green power markets. Because of its 
variable and uncertain characteristic, wind energy can 
increase overall operating reserves that are needed to 
manage uncertainty. Specific methods to measure this 
cost have evolved, and today, there is some controversy 
surrounding the topic and its precise definition. Inte¬ 
gration impacts and costs are not unique to wind. 
Nuclear power, for example, typically requires larger 
contingency reserves and increases cycling of other 
base-load generation. All investments in the power 
system impact system operations and costs. 

Wind Power: Transmission Planning 

The transmission grid is essential for an efficient use of 
large-scale introduction of wind power. With the trans¬ 
mission grid it is possible to, to some extent, even out 
the variation of wind power in large areas and to 
coordinate the balancing resources in the different 
interconnected areas. Transmission planning includes 
both the internal planning in each subregion and the 
overall planning for the whole interconnected system. 
Overlay transmission systems can be designed to eco¬ 
nomically and reliably serve load and deliver renewable 
energy. Overlays are a layer of transmission which spans 
the underlying transmission systems. Overlays require 
different planning techniques than those of the under¬ 
lying systems. The involvement of many different peo¬ 
ple with widely varying backgrounds and interests have 
driven the transmission planning processes to provide 
more information than has been required in the past. 
Larger transmission expansions have attracted more 
stakeholders in the process. 

Wind Power Systems, Small Scale 

There is a growing interest for the use of small wind 
systems. Small wind systems can be seen in autono¬ 
mous operation for pumping water, desalinization, and 
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battery charging. A growing amount of small wind 
turbines is connected to the grid, most of them behind 
the meter. Electricity production with wind turbines on 
buildings is a fairly new development with an interest¬ 
ing potential. Safe and reliable operation of small 
wind turbines is technically challenging since they usu¬ 
ally operate in more turbulent flows than large-scale 
wind turbines. For an efficient application of small- 
scale wind power systems it is important to have 
knowledge of working principles of various type of 
the technology, their safety and control system, noise 
and vibration as well as investments costs and the cost 
of energy. 

Wind Power - Environmental Impact: 

Noise Emissions 

Wind turbines generate sound. Mainly this sound 
source is of aeroacoustic origin as improved sound 
insulation of the nacelles has reduced the mechanical 
sound sources. Unwanted sound is called noise and is 
a major factor when assessing nuisance caused by wind 
turbines. The increasing height of wind turbines has led 
to better possibilities to harvest wind at higher altitudes 
but has also contributed to increased noise levels in 
stable atmospheric conditions when the sound is easily 
transmitted due to a high wind speed gradient. Rapid 
development of large wind farms in rural, earlier unex¬ 
ploited, areas could cause large acceptance problems 
for nearby residents if noise is not properly considered 
in the development process. 

Wind Power: Basic Challenge Concerning 
Social Acceptance 

Successful implementation of new technologies 
requires social acceptance. Historically, for the imple¬ 
mentation of wind energy this was considered a 
relatively simple issue that could be addressed by 
applying effective communication strategies. Without 
much study, social acceptance of wind power was con¬ 
sidered a matter of merely public acceptance, and any 
problems with public acceptance were viewed as 
issues of education. Furthermore, public acceptance 
was primarily negatively defined, under the heading 
of “nontechnical factors.” Three distinguishing 


dimensions of the social acceptance of renewable 
energy innovations have been recognized, all with its 
own character and dynamics: sociopolitical acceptance, 
with a focus on decisions that create favorable condi¬ 
tions for the other two forms of acceptance; commu¬ 
nity acceptance that concerns the decisions about the 
integration of wind power scheme at a certain location; 
and market acceptance, which is about willingness to 
invest among all different kinds of actors, including 
willingness to pay for wind-generated power among 
consumers. 

Wind Power Installations, Global 

Wind power has been utilized for over 3,000 years to 
aid with human activities. Although it was predomi¬ 
nantly used as mechanical power at the beginning, 
gradually, with industrialization, the focus shifted to 
the use as electrical power. With the arrival of the oil 
price shock in the early 1970s, the use of wind energy as 
electrical power started to gain more focus, and since 
the end of the twentieth century, wind energy has 
become one of the most important sustainable energy 
resources. The installation of wind power production 
capacity is growing at a rapid pace, doubling every 
3 years, and is expected to continue growing in the 
future, providing around 20% of the worlds’ power 
needs by 2030. With strong growth in onshore and 
offshore developments in Europe, and rapid market 
expansions in the rest of the world, it is imperative 
that the knowledge which is currently concentrated in 
a few countries be spread, as implications on research, 
education, and electric utilities all around the globe are 
significant. 
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Glossary 

Attitude Disposition to evaluate a psychological object - 
the attitude object -, representing a summary 
evaluation of this object captured in such attribute 
dimensions as good-bad, harmful-beneficial, 
pleasant-unpleasant, and likable-dislikable. 
Attribute Character ascribed to an attitude object 
about which an actor may hold a belief (expectancy) 
and an evaluation (value). 

Collaborative planning Planning with delegated 
responsibility to stakeholders who engage in inter¬ 
est-based negotiation about a plan or a project. 
Community A body of people viewed collectively, e.g., 
the local community surrounding a wind farm loca¬ 
tion or a community holding a collective interest. 
Discourse A shared way of apprehending the world; in 
this case, reflecting how the environment (including 
wind power implementation) is interpreted and 
given meaning. 

Framing The way an issue (or an attribute) is defined 
and presented by actors - biased by their own 
perspective - in order to affect the perception of 


the issue by others: to encourage certain interpre¬ 
tations and to discourage others. 

Innovation A change of ideas, that becomes manifest 
in products, processes, or organizations, that are 
applied successfully in practice. 

Institutions Existing patterns of behavior, determined 
by existing societal rules “the rules of the game in 
a society.” 

Landscape The part of the environment that is the 
human habitat as it is perceived and understood 
through the medium of our perceptions. 

NIMBY Depreciative interpretation and characteriza¬ 
tion of opposition to a facility: an attitude of objec¬ 
tion to the siting of a facility in the proximity 
(“backyard”), while by implication raising no such 
objections to similar developments elsewhere; acro¬ 
nym of “not-in-my-back-yard.” 

Place identity Human binding to the physical envi¬ 
ronment at a certain place or area associated con¬ 
cepts: place attachment, sense of place. 

Public acceptance The degree to which a phenomenon 
is taken by the general public, the degree to which the 
phenomenon is liked by individual citizens. 

REFIT Renewable energy feed-in tariff, a class of 
financial procurement systems creating a priority 
market for renewable generated electricity by 
guaranteed access to the grid with a long-term 
fixed price per kilowatt-hour. 

RPS Renewable Portfolio Standards, a class of 
financial procurement systems based on certificates 
issued for renewable generated electricity - “green 
certificates” - with a legal quote for renewables 
creating a market for trading certificates. 

Smart grid Power grid consisting of a network of inte¬ 
grated microgrids that can monitor and heal itself. 

Social acceptance The degree of which a phenomenon 
(e.g., wind power implementation) is taken by rel¬ 
evant social actors, based on the degree how the 
phenomenon is (dis-)liked by these actors. 

Socio-technical system A system be made up of 
scientific and technological, as well as socio¬ 
economic and organizational components. 

Definition of the Subject 

Successful implementation of new technologies requires 

social acceptance. Historically, for the implementation 
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of wind energy this was considered a relatively simple 
issue that could be addressed by applying effective com¬ 
munication strategies. Without much study, social 
acceptance of wind power was considered a matter of 
merely public acceptance and any problems with public 
acceptance were viewed as issues of education. Fur¬ 
thermore, public acceptance was primarily negatively 
defined, under the heading of “nontechnical factors” [ 1 ]. 

However, innovation must be considered a much 
broader concept, as there is nothing inevitable about 
how new technology is developed and implemented. 
The willingness to accept phenomena related to inno¬ 
vation of different parts of society, including all realms 
beyond “the public,” can be subdivided in two broad 
categories: 

- Acceptance of the creation of new socioeconomic 
conditions needed for implementation. 

- Acceptance of the consequences of the implemen¬ 
tation: implementation will affect current practices 
in society and forcing some to change. 

The very limited number of first studies on 
acceptance in the 1980s indeed focused upon public 
attitudes [1-4]. One of the first observations also 
was that social acceptance studies should look at the 
conditions that determine the effective support that 
applications of wind power would get at all different 
levels of decision making. This is already a very impor¬ 
tant conclusion. Actors involved in developers tend to 
perceive the issue from their own perspective: they only 
see the resistance they are confronted with against their 
projects, and they tend to frame this phenomenon as 
resistance against wind power per se. This is certainly 
not a phenomenon restricted to wind power, it can be 
found in almost any domain of infrastructure decision 
making (roads, waste facilities, power transmission 
lines, nuclear power facilities, prisons, etc, but also 
new housing districts or schools). However, if this 
kind of framing becomes persistent, it might become 
an even stronger impediment for positive decision 
about wind power developments, as it obstructs col¬ 
laborative ways of decision making (see sections “Mind 
the “Gap”” and “The Backyard”). 

The initial studies immediately showed that neither 
public support, nor support from crucial stakeholders 
at varying scale levels could be taken for granted. The 
pioneer of social acceptance studies, Carlman, observed 


that building wind turbines was “a matter of public, 
political, and regulatory acceptance,” and therefore she 
carried out a study on the acceptance of wind power 
among decision makers [5, p. 339]. Her study 
suggested that there were several constraints for social 
acceptance beyond public acceptance. 

Soon in the 1980s, other academics joined this 
approach and specified the definition and analysis of 
the problematic issues for implementation [4, 6]. 
These studies focused on issues such as the lack 
of support among key stakeholders - including the 
limited commitment of energy utilities - reluctance 
among policy makers to dedicate themselves to con¬ 
vincing policies, and the lack of understanding of the 
roots of attitudes toward wind power schemes among 
local residents and local communities. 

Because implementation issues are much broader 
than public opinion with regards the application of the 
energy source “wind,” the nature of the studies has 
changed. The number of studies remained limited dur¬ 
ing the nineties, but a significant increase took place 
during the last decade. Many of these studies focused 
upon the level of decision making about building wind 
farms, which is the crucial factor in the success rate of 
a country’s wind power development. As the character 
of all these cases of building wind farms shows a wide 
variety, most of these studies are designed as single case 
studies. Beside those studies, some comparative case 
studies have been carried out to compare the differ¬ 
ences between countries, and single cases that analyzed 
the development of policies within a country. 

The intensive study of social acceptance has a rather 
short history, and because the concept is complex our 
understanding of the issue is still limited [7]. Only 
recently, a first effort to elaborate the concept of social 
acceptance of renewable energy innovation was made 
[8]. Three distinguishing dimensions of the social 
acceptance of renewable energy innovations are now 
recognized, all with it’s own character and dynamics: 
sociopolitical acceptance, with a focus on decisions that 
create favorable conditions for the other two forms of 
acceptance; community acceptance that concerns the 
decisions about the integration of wind power scheme 
at a certain location; and market acceptance, which is 
about willingness to invest among all different kinds of 
actors, including wiliness to pay for wind-generated 
power among consumers. 
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Introduction: Four Starting Points 

Socio-technical Systems 

Successful implementation of new technologies 
requires sociopolitical acceptance. The implementation 
of wind power is a form of innovation, as it implies the 
application a relatively new form of energy supply. By 
definition, innovation is the successful application of 
new ideas, transferred into products, processes, or 
organizations. The integration of new technologies 
such as wind power in society is not a matter of simply 
applying science; also there is a series of factors in 
the social environment that co-determine it: social, 
economic, cultural, and different technological factors 
[9]. Regarding wind power, these include the integra¬ 
tion of this new way of generating power in the existing 
energy supply and consumption, as well as the appear¬ 
ance of modern wind turbines in our landscapes and as 
part of communities and local or regional economies. 

In addition to technological concerns, the applica¬ 
tion of wind energy carries a strong socioeconomic 
component. Significant scientific and technological 
challenges need to be overcome, but as history 
shows, well-developed science and technology are 
not sufficient to foster application of technologies. 
Making it affordable does not address the entire 
challenge; the society may fail to allot acceptable 
locations for the facilities or fail to deliver the required 
social and financial investments. This observation leads 
to basic assumption I: 

► An energy system containing a substantial part of 
wind-generated power and also a substantial part of 
wind-generated energy consumption, should be con¬ 
sidered a new socio-technical system (STS). 

Acceptance of Distinguishable Aspects 

A STS is a system with new scientific and technological 
as well as socioeconomic and organizational compo¬ 
nents, which is reflecting new ideas and concepts on the 
proffered design of such new systems [10]. Other 
related examples of innovations are, for example, the 
introduction of a new production process in a factory, 
(an STS combining new techniques with a different 
organization of the process) limiting the amount of 
emissions and final waste after consumption. Or the 


development and introduction of an ecological certifi¬ 
cate (including the organization and techniques needed 
to generate reliable information, monitoring producers 
in all phases, and effectively informing potential con¬ 
sumers) aiming to affect consumer choices that would 
put pressure on producers and distributors in the pro¬ 
duction-consumption chain. The introduction of elec¬ 
tric vehicles also heavily depends upon the organization 
and implementation of infrastructure to load these cars, 
including the question who will provide this infrastruc¬ 
ture. In fact, the latter example will soon be very relevant 
for further implementation of renewable energy as well 
(see section “Future Directions”). 

Any STS pays attention to the linkages between 
these two components, links that are necessary to fulfil 
societal functions [11]. Such functions can be - among 
others - support of regional economies, provision 
of energy, reduction of environmental impact, 
etc. The development of distinguishable sub-functions 
of the new crucial technologies requires favorable 
institutional conditions and extensive social learning. 
This also holds for wind power [12, 13]. Hence, the 
second basic assumption (II) states two things: 

- All aspects of a new STS featuring a substantial 
amount of wind power are subject to social 
acceptance. 

- An actor may accept certain aspects, while simulta¬ 
neously rejecting other aspects, as a result of social, 
economic, and/or political learning processes. 

In all domains, to-be-implemented innovations 
require institutional changes and careful strategic 
governance, especially when such innovations concern 
fundamental shifts in ways of thinking about the way 
the system is designed and how it should work [10]. 

Institutional Change 

For wind power, it is not only the technical novelties 
that are subject of acceptance, but rather the new ways 
of organizing the STS and how to take decisions 
about it that are required to build the turbines and to 
integrate their variable energy production into the 
system of energy supply and demand. In particular, 
those new ways of organizing require new ways of 
thinking, which only emerge though processes of 
organizational and policy learning. Developing an 
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STS requires the understanding of and the will to 
change crucial “rules of the game in a society” the 
short definition of institutions [14]. Institutions are 
defined as mutually reinforcing patterns of behavior 
and thinking (of actors of all levels), as reflected in formal 
and informal rules, norms, and procedures. These pat¬ 
terns of thinking and behavior can be recognized within 
all realms of society, including governance systems. 

The way existing supply and demand of electrical 
power are shaped is full of patterns of behavior of all 
kinds of actors. These behavioral patterns are based on 
formal and informal rules that have emerged over time. 
These rules are not necessarily defined to further the 
integration of new energy sources, as they have 
emerged in the past under different conditions, serving 
different ends. The most essential changes in ways of 
thinking concern modes of thought that are historically 
rooted in the competent organizations. This phenom¬ 
enon is called “path dependency” and reflects the his¬ 
torical roots of existing institutions [14, 15]. 

The process “by which actions are repeated and 
given similar meaning by others” is institutionalization 
[16, p. 117]. The existing ways of things are done 
and how they are organized all result from past insti¬ 
tutionalization processes. That includes, for example, 
how infrastructure is built and how supply of electricity 
is organized in the power supply sector. However, 
at that time, these institutions were framed to serve 
societal needs that did not include the implementation 
of a resource like wind, and within a context of 
a different socioeconomic environment. The existing 
patterns were not designed with the new STS in 
mind and therefore path dependency in an existing 
STS is often responsible for unfavorable conditions 
that forestall the introduction of a new STS, such as 
wind power implementation. This may eventually lead 
to a deadlock in the development of the new system, 
known as institutional “lock-in.” This is an important 
source of nonacceptance among different actors with 
regard numerous elements of wind power implemen¬ 
tation. Therefore, the third basic assumption III is: 

► Existing institutions (existing patterns of behavior as 
determined by existing societal rules) often impede the 
development and implementation of new views, 
approaches, techniques, and practices required for 
the implementation of wind power. 


The social acceptance of wind power is a complex 
issue due to a combination of two factors: an STS that 
includes wind power may induce different reactions 
from an actor (assumption II) and there are many 
different types of actors who are involved at various 
scale levels, all with their own institutionally 
embedded behavioral patterns (assumption III). This 
complexity provides for many opportunities for mis¬ 
understandings. These have emerged in “common 
sense” approaches with regards learning and accep¬ 
tance. What is considered “common sense” is often 
no more than a habitual pattern of thinking that is 
mutually copied by actors and reinforced by frequent 
use. This manner of institutionalization, the tendency 
to copy or follow others in the organization of an 
actors’ own behavior - known as “mimetic” repetition 
[17] -, is a strategy used by social actors to address 
uncertainty as well as to mask the appearance of their 
own uncertainty. Existing ideas about how to imple¬ 
ment wind power and how to integrate it in society are 
full of such institutionalized ways of thinking, which 
are often classified as “knowledge.” However, this is 
often unjustified as they are in fact no more than 
institutionalized commonsense ideas that may become 
barriers to actual implementation. 

Generalizing, we can recognize the three major 
commonsense approaches to wind power implementa¬ 
tion. These can be found among many different actors 
at all scale levels, but most relevant is that they belong 
to policy beliefs of actors (public agencies, governmen¬ 
tal, but also stakeholders) that often hold dominant 
positions in policy. These three commons sense 
approaches are: 

- The so-called “technological fix”: a tendency to 
focus on technology while not recognizing the 
social components of the STS. An example with 
regards wind is the focus on the technological 
potential of wind power. 

- The simplification and reduction of the issue of 
social acceptance to mere public acceptance. 
In many policy documents, public acceptance is 
simply used as a proxy for social acceptance, but 
without any justification. This is tempting, as it 
reduced a very complex phenomenon to simple 
figures of public opinion, but it also reduces the 
validity of these figures to approximately zero. 
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- The one-sided focus on the objectors of wind devel¬ 
opment. In most documents about social accep¬ 
tance the support for wind power and wind power 
projects among all different kinds of actors is taken 
for granted. As a result, it is hardly investigated, 
hardly valued, and not well understood. 

Beyond Common Sense 

The first commonsense approach is to simply neglect 
the issue of social acceptance or to handle it as 
a secondary aspect of residual questions. From the 
beginning of modern wind energy development, social 
acceptance issues were considered elusive and hard to 
calculate (“soft factors”) and usually negatively defined 
as “nontechnical factors” [1]. Moreover, these factors 
were narrowly defined as the term public acceptance 
was considered synonym to social acceptance. The 
institutionally determined approach of society’s abili¬ 
ties to implement wind power tends to focus on the so- 
called “technical potential,” sometimes combined with 
assessments of the financial feasibility of that potential 
[18]. Even if social constraints are included in the 
assessment of the potential, they remain limited to 
“planning” consideration, based on a uniform criterion 
for the possibility of land use for the construc¬ 
tion of wind turbines [ 19] . The concept of the technical 
potential of renewable energy options implies that 
technology need only be developed and applied to 
solve all of a country’s energy problems. A study 
conducted in the USA found that this has become 
somewhat of a mantra in discussions about both 
electricity and energy policy more broadly [20, 
p. 4511]. However, much of the technically and mete¬ 
orologically available possibilities cannot be utilized 
without violating generally applied social norms or 
without challenging existing interests. The social 
potential is ultimately the potential that really indicates 
what capacity can be implemented. The main bias in 
the approach of the technical potential is that it nar¬ 
rowly frames the concept of social acceptance as 
a collection of “barriers” to achieving our potential. 

The combination of the second and third gen¬ 
eral commonsense approaches has prevented the 
understanding of social acceptance of wind energy 
innovation for a long time. Unfortunately, from the 
viewpoint of wind power implementation, they are 


still widespread among developers and policy makers 
alike [21, 22]. The second commonsense bias is 
the simplified idea that social acceptance is equal 
to public acceptance. The reduction of acceptance to 
public opinion is a strong bias, because it completely 
ignores the position of all societal actors beyond 
the level of the individual. The perspectives of these 
other actors, companies, public bodies, organizations, 
etc. are certainly not mere translations of personal 
attitudes, and particularly not of ordinary citizens, 
and in many cases their influence on decision making 
and eventually on actual implementation rates is much 
stronger than that of the public [23]. 

The third commonsense bias is the one-sided focus 
on the potential objectors of wind energy development 
and neglect of the supporting side that accepts such 
development. Still many studies only focus upon why 
people oppose and why stakeholders object (e.g., [20] ), 
whereas it is equally important why wind power is 
supported in the first place [7, 8]. How much support 
is there - also for wind power schemes, as is in most cases 
supporters outnumber objectors - and what are the 
reasons for actors to be in favor? Acceptance is, by defi¬ 
nition, taking what is offered, whether by favor or recep¬ 
tion. Of course, this definition also implies the inclusion 
of the side of refusal in the concept. Social acceptance is 
a bipolar phenomenon. Following definitions from psy¬ 
chology on the social acceptance of individuals [24], the 
social acceptance of a phenomenon like the implemen¬ 
tation of wind power is the degree to which people like 
or dislike the phenomenon. The concept includes all 
degrees, from full refusal to total adoption. Therefore, 
the narrow focus on the opposing forces to wind power 
developments neglects the essential side of acceptance 
issues. The bias is that the position of support is appar¬ 
ently taken for granted and considered as the “natural” 
position. Consequently, the supportive position does 
not seem to need an explanation, whereas the position 
of refusal becomes deviant. Understanding social 
acceptance requires both positions to be analyzed as 
equally legitimate in principal [7, 23]. 

Hence, the fourth fundamental proposition for 
understanding social acceptance is - basic assumption 
IV 

► The objection to any wind power development must 

be considered as a potentially legitimate, rational, and 
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informed position: All positive, active support as well as 
passive supporting attitudes, are equally important for 
obtaining a good understanding of the acceptance of 
wind power. 

Dimensions of Social Acceptance of Energy 
Innovation 

Although used often, the term social acceptance is 
seldom properly defined. Here a systematic elaboration 
is provided, starting from three distinguishing dimen¬ 
sions of the social acceptance of renewable energy 
innovations [8]. These are presented in Fig. 1, along 
with the main issues that should be addressed within 
those dimensions. Sociopolitical acceptance is related 
to the support or resistance toward policies that affec¬ 
tively promote the implementation of wind power. 
This is not only related to government. Today “gover¬ 
nance” is the preferred concept, which implies that the 
drafting and implementation of policy is not restricted 
to actors within the realm of government, but rather it 
includes many social actors. These so-called “stake¬ 
holders” include all social actors who are involved in 
negotiating, influencing, and lobbying, because they 
perceive a specific policy as affecting their (vested) 
interests. The recognition that policy is in fact shaped 
within a broader arena that includes both private and 
public actors is referred to as “governance” [25]. 

Policies tend to focus primarily on the economic 
investments in new STS. Policy instruments are usually 
designed (or perceived as designed) to create incentives 
for positive investment decisions. They are determined 


to affect the market decisions of actors. These actors 
primarily are incumbent energy companies, but they 
may also include newly emerging actors who are enter¬ 
ing the market, or existing actors in other domains who 
discover wind power as a new and promising invest¬ 
ment area. The supporting side of “market acceptance,” 
which is a willingness to support or take part in invest¬ 
ment, is not the only required and favorable position, 
however. The nature of wind power installations is 
fundamentally that they are part of the phenomenon 
of “distributed generation,” in which the power scale, 
the power delivery (directly to the consumer or to the 
grid), the mode of operation, ownership, the purpose, 
and the location of the power generation are as essen¬ 
tial as the generated power itself [26]. All these ele¬ 
ments are subject to the acceptance within the 
community in which the generation takes place. 

In the commonsense approaches, community accep¬ 
tance is seen as the bottleneck of wind power develop¬ 
ment. Indeed, the most problematic issues with regard to 
acceptance manifest themselves in the discussions about 
establishing wind farms. By definition, this is a discus¬ 
sion at the level of community acceptance, but the idea 
that the roots of problematic acceptance lie within the 
community only emerges because of the combination of 
two commonsense views: the dominant narrow inter¬ 
pretation of social acceptance as public acceptance and 
the focus upon objectors while neglecting positive sup¬ 
port. The three-dimensions model of acceptance of 
renewable energy innovation (Fig. 1) shows that social 
acceptance is much more than simple public opposi¬ 
tion on the local level. Before discussing these three 


Socio-political acceptance 

* of technologies * of policies 

* of institutional change * by policy makers 

* by key stakeholders * by the public 


w 


Market acceptance 

* by consumers * by investors 

* of green tariffs * intra firm 

* of new parties * by incumbents 


Community acceptance 

* place attachment * by residents 

* landscape identity * by local authorities 

* fairness of process * trust 


Wind Power: Basic Challenge Concerning Social Acceptance. Figure 1 

Three dimensions of social acceptance of renewable energy. Adapted from [8, p. 2684] 
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dimensions, we focus upon two basic features deter¬ 
mining the construction of social acceptance within all 
three dimensions: 

- The different actors: who is taking a favorable or 
opposing position? 

- The different subjects: to what attitude object are 
those actors defining their position? 

Actors 

As the first component in the social dimension of the 
socio-technical system, all relevant social actors 
involved in the process of acceptance must be consid¬ 
ered. Table 1 shows broad categories of social actors 
relevant to the acceptance of the new STS. All actors 
will exhibit different degrees of support or opposition 
toward any of the socioeconomic and technologic aspects 
of the STS of energy provision that includes wind. For 
example, the acceptance of wind power by an existing 
power distributor may be highly determined by the value 
it places on the variability of wind power. For such a 
company, acceptance concerns the specific wind-related 
pattern of energy production, which they perceive as 
complicating reliable provision. Their perception of var¬ 
iability is different, and discussing this attribute they are 
“framing” it differently: they tend to define this variabil¬ 
ity as “intermittency” [27]. Their acceptance also con¬ 
cerns completely different aspects, such as their attitude 
toward newly emerging energy producers like farmers, 
corporations of civilians investing in wind power, or 
newly emerging companies that focus on the develop¬ 
ment of renewables’ installations. During the discus¬ 
sion of the three dimensions of social acceptance, the 
question “who is accepting?” and the actors presented 
in Table 1 will repeatedly be referred to. In addition to 
the question “who is accepting,” the other main ques¬ 
tion “what” is to be accepted will be elaborated. 

Subjects of Acceptance 

Attitude Objects and Attributes 

Acceptance is an act of decision making, based on 
a trade-off between pros and cons. It is a behavior 
based on considerations of several aspects regarding 
the subject. These considerations eventually manifest 
themselves in a positive or negative disposition (atti¬ 
tude) toward the intention to take action and to say 


either “yes” or “no” to a certain phenomenon - the 
attitude object. In psychology, a particularly influential 
framework on the relation between attitudes and 
behavior is the Theory of Planned Behavior (TPB) 
[28, 29]. This model has proven as successful in 
explaining various types of environmentally relevant 
behavior, such as choice of travel mode, household- 
waste composting and recycling, energy saving, water 
consumption, etc. The model is also applicable to atti¬ 
tudes regarding decisions about implementing renew¬ 
able energy solutions [30]. 

Figure 2 illustrates how attitudes and their relation 
with behavior are constructed according to the TPB. 
Central is the attitude-object relationship, which in this 
case is the concrete action of supporting or rejecting 
a particular decision regarding wind power implemen¬ 
tation. Attitudes are constructed according to a model 
of expectancies and values. The attitude is based on 
several “beliefs” about the object. Each belief associates 
the object with a certain attribute; a person’s overall 
attitude toward the object is determined by the subjec¬ 
tive evaluation of those attributes. Although people can 
form many different beliefs about an object (many 
potential attributes are presented in Table 2), it is 
assumed that only beliefs that are readily accessible in 
memory - “salient beliefs” - influence attitudes. There 
are many possible actions regarding the application of 
wind power and all these actions are different attitude 
objects. From a theoretical starting point, it is funda¬ 
mental that there can only be clear empirical relations 
established between attitudes and behavior as both are 
related to the same object. 

The process illustrated in Fig. 1 particularly holds 
true for attitudes held by individuals. The act of social 
actors and their underlying positions will generally be 
based on the same kind of attributes, but the way they 
are processed in organizations is different from the 
processing that takes place in the mind of an individual. 
However, for both types of actors, individual as well as 
collective, the significance of the existence of attitude- 
objects relation and several underlying attributes 
related to that object remains the same. Although it is 
not possible to simply apply attitude theory and behav¬ 
ior on groups of individuals that together constitute 
a social actor, the principle remains the same: the 
actions and positions of social actors also focus on an 
object, similar to the attitude-object relation for an 
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Wind Power: Basic Challenge Concerning Social Acceptance. Table 1 Actor categories with relevant acceptance to one 
or more aspects of wind power implementation 


Stakeholders in 
development 

• Incumbents in the existing energy supply sector 

- Existing power production 
companies 

- Power distributing companies 

- Grid managing organizations/ 
companies 

• Wind power developers 

- Existing companies investing in 
wind as a new activity 

- New emerging organizations or 
companies, specialized in 
renewables 

• Wind turbine industry-related actors 


• Actors with vested interests in domains relevant to 
establishing wind farms (e.g., R&D, consultancy, 
engineering, construction, etc.) 

• Actors representing energy consumers' interests 

• All actors with secondary interest in investments in wind 
power (e.g., financial) 

Authorities and 
public bodies 

• National government 

- Ministries in policy domains relevant 
to wind power implementation 

- Energy market regulator(s) 

- Government agencies 

• Regional governments 

- Spatial planning officers 

- Regional economic development 
officers 

• Local governments 

- Spatial planning officers 

- Local economic development 
officers 

Stakeholders in 
related domains 

• Landscape-protection organizations 


• Environment- and nature-protection organizations 

• All actors with interests in competing spatial functions 

• Actors with interests in economic sectors potentially 
affected by wind power 

Public 

• General public (electorate, public opinion) 


• Individuals with any perceived interest in wind 
developments 

• Communities (geographically or socially defined) 

• Civil society organizations representing affected interests 

• Civil society organizations established because of wind 
power implementation issues 

- Organizations established for 
private investment in wind 
developments 

- Organizations established to 
counteract proposed wind 
developments 
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Wind Power: Basic Challenge Concerning Social Acceptance. Figure 2 

Formation of attitudes based on expectancies and values about attributes of the object of behavior, in relation to intention 
and behavior, according to the Theory of Planned Behavior [29, p. 182]. Subjective norm: perceived expectancies of 
important "others" Perceived control: control of the individual over behavior and its aims 


individual. Hence, the question is what are the attitude 
objects in the case of wind power implementation and 
which potential attributes exist in those cases? 

Two Types of Objects 

Within the social acceptance of wind power, many 
attitude objects exist, because there is a wide range of 
different kinds of decisions connected to wind power 
development. For example, an energy company may 
decide to invest - or not to invest - in a particular wind 
farm. For consumers, it can also be a decision to invest 
in a wind farm or to subscribe to a “green power” 
scheme that includes wind-generated power. For 
a government actor, it may be a decision to take on 
a share in the investment in a wind farm [31], to grant 
a subsidy to investors, to implement a certain financial 
procurement instrument, etc. Eventually, these 
decisions seem to converge on the fundamental 
attitude of the actor toward the implementation of 
wind power: does an actor have a clear positive, 
supporting attitude or a negative, opposing attitude 
toward wind power. However, this is an oversimplifi¬ 
cation, as for all types of decisions the beliefs and 
evaluations with regard to wind power are only one of 
many possible attributes at play. 


According to the above-described expectation that 
there would be strong really existing relations between 
the attitudes, the intention, and subsequently the deci¬ 
sion (Fig. 2), a fundamental requirement is that 
the objects of attitude and decision fully correspond. 
However, the attitudes toward a general support of 
wind power policy and the attitudes toward the 
construction of a particular wind farm have two 
completely different attitude objects. As a result, the 
relationship between the general support for wind 
power and a decision to support a particular 
wind farm will be weak. The unfounded expectation 
that this relation should be strong, reinforced by 
the commonsense approaches to social acceptance 
(section “Beyond Common Sense”), has led to strong 
and persistent misunderstandings about the nature 
of social acceptance. The two most important misun¬ 
derstandings concern the fact that public support 
for wind energy, as expressed in opinion surveys, is 
high in most countries; however, in many of these 
countries, the success rates in establishing wind power 
developments are actually rather low. The two miscon¬ 
ceptions are: 

- Objections that result from the so-called individual 
attitude-behaviour “gap”: people are generally in 
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Wind Power: Basic Challenge Concerning Social Acceptance. Table 2 Attributes of attitudes toward wind power and 
toward wind power schemes 


Attitude object: socio-technical system (power supply with Attitude object: project (wind power 

a substantial amount of wind power) scheme) 


Essential 

Essential characteristics Associated attributes characteristics Associated attributes 


Environmentally benign, 
renewable character 

Alternative to fossil 

Wind power 

Clean character 

Alternative to nuclear 

Supply characteristics 

Source cannot run out 

Visibility 

Supply characteristics 

Variability 

Location and site 

Landscape identity 

Reliability 

Nature wildlife 

Capacity credit 

Annoyance (noise) 

Domestic source 

Wind farm design 

Competing spatial 
functions 

Visibility 

Visual: landscape impact of turbines 

Investor and/or 
(co-)ownership 

Community in/outsider 
initiative 

Nature/wildlife: impact on particularly 
birds 

Local economy (benefits/ 
employment) 

Local shareholders 

Community identity 

Economics 

Price compared to alternatives 

Decision-making 

process 

Open/closed 

Economics related to supply characteristics 

Participation of public 

Impact on industry and employment 

Participation of 
stakeholders 

Spatial planning procedure 
Legitimate / "fair" 

Spatial planning procedure 

Organizational aspects 
energy sector 

Distributed 



Decentralized 

Small scale 

Options third parties 


favor of wind power, but they change their mind as 
soon as they are confronted with a proposal; 

- The idea that objections to wind developments are 
simply manifestations of the so-called “not in my 
backyard” (NIMBY) syndrome. 

By dividing the wide range of decisions about wind 
power implementation into two categories, Table 2 
shows the potential objects that are related to 


(1) decisions concerning the general application of wind 
power and the integration of wind-generated energy 
in our society (on the left), and (2) decisions about 
establishing concrete wind developments (on the right). 

Attitude Object: Energy Source 

The idea that wind power as a renewable energy source 
is a clear climate change mitigation measure seems the 
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most obvious attribute of the attitude object “wind 
power” For this attitude object, the attributes are 
connected to the characteristics of a new socio-technical 
system of energy supply that includes substantial por¬ 
tion of wind power. Of course, a prominent character¬ 
istic of wind power is its more environmentally benign 
character compared to alternatives. This attribute is 
currently dominated by the wish to avoid greenhouse 
gas emissions, but this immediately shows the dynamic 
nature of the phenomenon of social acceptance. In the 
seventies, when several developed countries in Western 
Europe and some USA states introduced wind power 
developing policies, climate change was not an argu¬ 
ment used to support wind power, neither in public 
opinion nor among the actors involved in energy supply 
or policy. There were some environmental arguments, as 
fossil fuels were clearly associated with air pollution, and 
also other considerations, as in several countries the 
public and also some governments were eager to develop 
alternatives to nuclear power. Clearly, the environmen¬ 
tally benign character of renewable source energy is still 
a significant attribute for the attitude object “wind 
power,” but the argument has only recently shifted 
toward mitigating climate change. 

Several studies involving various stakeholders, policy 
makers, developers, and the public, demonstrated that 
attributes other than the renewable character of wind are 
significant for acceptance by all of the relevant actors in 
these categories [21, 22]. These characteristics and the 
associated attributes summarized in Table 2 are not only 
related to the energy source (such as the variability, often 
framed as “intermittency”) but also to the institutional 
aspects of implementation of wind energy, such as new 
options and consequences for incumbents in the energy 
sector and for national economic and industrial develop¬ 
ment. Similarly, the price to pay for wind-generated 
power is obviously important for all types of actors, but 
for different actors we are dealing with different prices. 
Their significance is very different in the three dimensions 
of acceptance (Fig. 1) and they will be discussed in more 
detail in sections “Sociopolitical Acceptance,” “Com¬ 
munity Acceptance,” and “Market Acceptance.” 

Attitude Object: Wind Development Project 

The object of attitudes toward concrete projects of 
wind power application concerns two kinds of 


decisions: decisions about investing in such develop¬ 
ment and decisions about building a wind farm at 
a certain site in a particular community. The character 
of such decisions is entirely different from general 
decisions to promote or to restrain further wind 
power development. As a matter of fact, only one 
characteristic of these decisions concerns the source 
of energy. The other characteristics of the decisions 
are all related to details of the specific proposal. It is 
important to note that these attributes are only 
remotely related to the character of the energy source 
itself, but nevertheless they are at least equally impor¬ 
tant and often more important than the attributes 
directly related to wind power as the source of energy. 

Some of the attributes in Table 2 of decisions about 
projects seem to correspond with attributes associated 
with the object of wind power in general. For example, 
in both types of decisions, economic arguments play 
a significant role. However, the economic arguments 
for applying wind power and its impact on general 
welfare and industrial development are very different 
from the economic valuation by potential investors in 
a wind power project, or from the local community’s 
beliefs about the existence and valuation of the project’s 
contribution to the local economy. Similarly, at the 
general level, landscape issues are certainly very impor¬ 
tant for determining the attitudes toward wind power 
development. Here it concerns a general belief that 
large-scale wind power implementation will result in 
a myriad of wind turbines popping up in the landscape 
and the valuation of this phenomenon. Usually, this 
aspect is neutrally referred to in terms like “visual 
impact” [32], but in most studies any impact in terms 
of visibility is generalized and considered beforehand as 
“intrusive” or “disturbing,” as if this valuation applies 
to all types of landscapes and also to all individuals. The 
landscape evaluation discussed in section “Landscape/ 
Seascape” shows that the visual impact of wind tur¬ 
bines varies significantly among both individuals as 
well as cases, and that it is not only evaluated negatively. 
In decisions about a particular project, the general 
assessment is translated into “landscape identity,” 
which is something very different as it is not primarily 
determined by the common denominator “wind tur¬ 
bines” but rather by the landscape characteristics of the 
site of that particular project as they are perceived by 
the people that feel attached to that site. As these 
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landscapes vary widely among different project cases, 
they cannot be considered as principally determined by 
the general landscape assessment of wind power. 

A similar “translation” takes place in the organiza¬ 
tion of energy supply. For wind power in general, as is 
discussed in section “Sociopolitical Acceptance” on 
sociopolitical acceptance, the option for third parties 
and new actors to invest in wind power is a relevant 
attribute (Table 2). In the translation into a particular 
project, this becomes a question of wind farm owner¬ 
ship and community involvement, or the acceptance of 
investments and ownership of a wind power develop¬ 
ment by companies from outside the community [33]. 

The large differences between the relevant actors 
and attributes in the decisions about applying the 
energy source and the decisions about building wind 
farms result in only a weak correlation between support 
for wind power and support for wind farm proposals. 
The limits of this correlation may be the origin of 
what is usually referred to as the “gap” between general 
high acceptance of wind power and the perception 
that a large number of decisions about building 
wind farms are failing [34]. The latter perception is 
problematic, as it is hard to define a basis to establish 
number of failing and successful projects. It fully 
depends on when an idea to build a wind farm is 
considered as a “project” that can either become 
a success or a failure. Official numbers can be derived 
from planning consent and building permits, but the 
success rate becomes high for countries with a planning 
system in which permit applications start after - 
unofficial - negotiations, whereas in other countries 
an application is the start of the process. Example 
figures from the UK during a 5 year period showed 
that 60% of applications were eventually refused, while 
40% were approved [35]. 

Again, such figures are highly depending on the 
context of the country and its planning system and 
practice, but at least they show that it is far from self- 
evident that a wind scheme will be realized. However, it 
is questionable whether this phenomenon indicates 
that “gap” between general high acceptance of wind 
power and refusal to support local developments really 
exists. In fact, the limited correlation between support 
for wind power and support for wind farm proposals is 
poorly recognized and understood by wind power 
advocates and policy makers alike. The fundamental 


question regarding this “gap” is why decisions about 
a particular project, which are taken by local actors and 
the interested investors, would be highly affected by the 
fact that national public opinion shows high positive 
responses to wind power. A clear correlation between 
general national public opinion and local decision 
making is theoretically not supported. Even within 
a single actor, there is a distinction between the attitude 
with an attitude object (wind energy) that is entirely 
different from the object of behavior (taking decisions 
about investing in a wind farm and siting it). Table 2 
shows that both objects have many different attributes; 
therefore, the fundamental condition that the objects of 
attitude and behavior must be the same to find a clear 
relation between attitude and behavior ([28]; Fig. 2) is 
not fulfilled. The commonsense idea that a decision 
regarding building a wind farm is primarily informed 
by general attitudes on wind power, is unfounded by 
what is known about the relationship between attitudes 
and decision behavior. Speaking in terms of attitude- 
behavior theory, the objects of attitude and behavior 
simply do not correspond. 

Mind the “Gap” 

With regards the assumed “gap” between general 
acceptance of wind power and still a low number of 
positive decisions to build wind farms, Bell et al. [34] 
distinguish between a possible “social gap” and an 
“individual gap.” The “social gap” refers to the high- 
level public support for wind energy expressed in opin¬ 
ion surveys and the low success rate achieved in plan¬ 
ning applications for wind power developments. 

The individual “gap” emerges from the idea that 
many of the failures to establish wind developments 
arise from the fact that individuals, in particular local 
residents, have a positive attitude to wind power in 
general, but actively oppose a particular wind power 
development when confronted with a proposal. The 
most popular commonsense explanation for this 
assumption is the claim that nimby- ism is responsible 
for this gap, but Bell et al. already explain the weak¬ 
nesses of the nimby claim in explaining an attitude- 
behavior gap [34, p. 465]. This popular label is briefly 
discussed in section “The Backyard,” as it is currently 
still prominent in commonsense thinking about accep¬ 
tance of wind power. 
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However, the terminology of an existing “gap” may 
also be considered disputable. Table 2 shows the differ¬ 
ent potential attributes that can be connected to those 
objects. The comparison of these two categories already 
reveals a large divergence between the objects in the two 
columns. The attitude object “wind power” (left) is 
only one of four main characteristics of the object 
“wind power project” (right). Attitudes toward a con¬ 
crete proposal for the construction of a wind farm at 
a specific location and toward investing in a wind farm 
include many potential attributes all related to vari¬ 
ables that show a wide variety among cases. The fact 
that this proposal is an attempt to implement wind 
power is only one of these many attributes; some of 
the other attributes are often more important for key 
actors than the implementation of wind power. Exam¬ 
ples of potentially more important attributes include 
the type of the developer - from a large energy com¬ 
pany to a nonprofit community associated initiative 
the landscape of the chosen location, the connection of 
the wind farm to the local economy, the potential 
environmental impact, etc. 

From a developers’ point of view, the struggle to site 
a wind power development is easily interpreted as 
a problem of local inhabitants trying to safeguard 
their environs against turbines [2, 36]. The number of 
documents reproducing the common perception that 
any resistance these developers face is an indication of 
a so-called nimby- syndrome is overwhelming and this 
commonsense view is continuously reproducing itself. 
It is prominent among the strong proponents of wind 
power and presented as a “fact” [36, p. 299]. As this 
idea is engrained, some discussion is required, above all 
because it is a perfect example of institutionalized 
thinking patterns that eventually become barriers to 
the acceptance of wind development schemes. 

The Backyard 

Many proposed wind developments indeed do encoun¬ 
ter resistance, but this cannot be considered evidence 
for the existence of a NIMBY syndrome. Stronger evi¬ 
dence is needed that the individual’s motivation to 
resist is as selfish as the use of the term NIMBY suggests 
[36]. The problem is that such evidence has seldom 
been found, but still the interpretation of any opposi¬ 
tion in terms of the backyard is repeated over and over 


again [37, 38]. Any reference to an alleged “not-in-my- 
back-yard” syndrome suggests a degree of selfishness, 
conservatism, unwillingness to cooperate, or ignorance 
of environmental issues. For example, with regard to 
renewable energy facilities, Kahn [39, p. 26] gives a fairly 
clear characterization. A NIMBY opponent would be 

- Democratic with a small “d,” since his/her political 

right of self-determination is exercised to the fullest 

- Parochial because he/she is unconcerned with broad 

impacts 

- Reactive in that he/she is not generally concerned 

with planning or siting issues per se 

- The NIMBY - opponent is not an environmentalist 

Although this view is still very prominent among 
developers and policy makers, with the start of public 
and social acceptance studies in the 1980s, researchers 
started to question the relevance of this rather norma¬ 
tive NIMBY label. The first notion to be reluctant with 
the use of this label suggested that it is dangerous for 
authorities or utilities to use this acronym. It tends to 
offend the public and will generate stronger opposition 
and the use of the qualification may easily become 
counterproductive [40]. The indolent use of the 
NIMBY label has become a tool to question the legiti¬ 
macy of the opposition and the actors who represent it. 
This is a violation of basic assumption IV about the 
legitimacy of all views on wind power implementation. 
Meanwhile all efforts of authorities and developers to 
narrow local concerns about schemes that often have 
been developed without involving them have become 
an indication of sociopolitical nonacceptance. If poli¬ 
cies really want positive local decisions on wind power 
schemes, the acceptance in implementation in policy of 
assumption IV is crucial. 

The last two decades, the “theory” of the backyard- 
motivated resistance to wind developments has 
increasingly become discredited by researchers: “The 
NIMBY concept that has been most frequently used to 
describe negative perceptions of wind farms has failed 
to receive empirical support” [38, p. 136]. In fact, all 
researchers investigating the motives for resistance to 
wind developments, in light of the general public sup¬ 
port for the technology, reached a consensus on Nimby 
[34, 38, 41-43], which is succinctly summarized as 
follows: use of this term does not explain the opposi¬ 
tion. There are three general reasons against the use of 
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this term. “First, it is generally used as a pejorative 
implying selfishness as an underlying cause; second, it 
appears to incorrectly describe much of the local oppo¬ 
sition to wind projects; and third, the actual causes of 
opposition are obscured, not explained, by the label” 
[44, p. 124]. Currently the most comprehensive over¬ 
view of research of community acceptance of on- and 
offshore wind power — also including other cases of 
energy innovation infrastructure such as tidal, wave, 
marine, hydrogen, and bioenergy - discards it as 
follows: “Fundamentally, the backyard concept is built 

upon an impoverished view of the ‘home’ (.), local 

concerns about the impact of renewable energy projects 
clearly transcending the boundaries of specific proper¬ 
ties, or implicating wider spatial domains such as pub¬ 
licly owned landscapes and seascapes” [45, p. 62]. The 
alternative put forward in that study to think beyond the 
backyard is place identity, a concept that emphasises 
the enormous variety of geographical identities of places 
that can be used for wind power development, which 
includes landscape as well as community identity vari¬ 
ables (section “Identity of Place”). 

The erosion of the assumed relevance of NIMBY- 
ism is not only due to studies on wind power. For 
example, a study on the acceptance of nuclear waste 
storage facilities also questioned its applicability, as it 
observed that the users of the NIMBY label do not 
apply a clear definition and hence, do not make clear 
what they really mean when they use the label. A clear 
definition is needed, because if all opposition to facil¬ 
ities were NIMBY-ism, then the concept would be both 
quite empty and unnecessary [46] . However, when it is 
clearly defined what motives are distinctive for 
NIMBY-ism, there is hardly anyone found to whom 
the definition applies [46, 47]. The most distinctive 
definition of NIMBY is “an attitude ascribed to persons 
who object to the siting of something they regard as 
detrimental or hazardous in their own neighbourhood, 
while by implication raising no such objections to 
similar developments elsewhere” [48]. The second 
part of this definition is crucial, because it distinguishes 
NIMBY from opposition motivated by other factors as 
it explicitly relates the opposition to merely the fact 
that it is situated in the backyard. Most of the manifold 
critical stands are related to this aspect, because that 
people support similar development elsewhere is not 
supported by empirical evidence. The assumption 


implies that close means opposition, far away is sup¬ 
port. The most comprehensive effort to formulate 
a theory of NIMBY postulates as the most fundamental 
hypothesis that the universal factor is geographical 
proximity. “The rule is simple: The closer residents 
are to an unwanted facility, the more likely they are to 
oppose it.” [49, p. 290]. This idea is circulating in 
policies and publications so frequently, that some 
researchers seem really surprised to find exactly the 
opposite. The general truth is that, in some cases, this 
relation between opposition and distance is actually 
found - though even these studies emphasise that his 
should not be considered a result validating the back¬ 
yard these [50] - but more often researchers find that 
people close to the wind developments are on average 
more in favor of them (e.g., [69, 93]), and the proxim¬ 
ity hypothesis must be considered falsified. 

Developers and policy makers, in particular those 
in countries that have not been successful in 
establishing institutional frames that facilitate rapid 
implementation rates, are still inclined to think in 
terms of “backyard” attitudes of the local public [21, 
39]. The persistence of this inclination is probably due 
to the fact that ultimately the local level is the level 
where the real decisions about investments and build¬ 
ing concrete wind power farms are taken. The institu¬ 
tional factors that affect decision making on that level 
are summarized in Fig. 3 [51]. It is good to note that 
factors such as “population density” and “geographical 
potential,” including the geographical distribution of 
wind resources, are clearly informing the possibilities 
for establishing wind farms. As described in the section 
“ Institutional Change,” the focus here is on the insti¬ 
tutional factors that are found in the upper part of 
Fig. 3. The key question is how decision making on 
the local level is organized and how social networks, 
operating on either the same or other levels, are 
influencing those decisions. Market acceptance and 
community acceptance are mainly connected to this 
level, whereas essential factors that are framing those 
decisions are located at the level of general sociopolit¬ 
ical acceptance. 

Sociopolitical Acceptance 

The three keys elements to securing to positive deci¬ 
sions about establishing wind farms are: 
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Wind Power: Basic Challenge Concerning Social Acceptance. Figure 3 

Overview of institutional factors affecting the decisions about wind power implementation (Adapted from [51, 52]) 


1. The shape and the reliability of the financial procure¬ 
ment system (Fig. 3: 1), which is of overwhelming 
importance for the utilization of the potentially sig¬ 
nificant willingness to invest in wind developments; 

2. The type and amount of effective support generated 
within the national and regional planning system 
for policies that develop wind power capacity 
(Fig. 3: 2); 

3. The degree to which collaborative decision making 
on the level of communities is allowed and stimu¬ 
lated by the sociopolitical framework (Fig. 3: 3). 

The third factor is closest to the central question in 
sociopolitical acceptance, as this factor is partly deter¬ 
mined by the two others, the financial procurement 
system and the planning regime. Collaborative plan¬ 
ning and decision making [53] is the favorable 


condition for reaching positive decisions about wind 
farm construction, but the conditions that determine 
whether or not collaborative approaches prevail at the 
community level largely depend on sociopolitical 
acceptance. The willingness to establish effective sup¬ 
port regimes in these domains varies greatly. Clearly 
visible in Europe (Fig. 3 is the result of an analysis of six 
EU cases) [51, 54], it has also been equally significant in 
the comparison of the effectiveness of policy frame¬ 
works among states in the US [55, 56]. 

There are four institutional variables which concern 
decision making above the community level: the insti¬ 
tutional and financial support system; the planning 
regime that should be in line with the support system 
[57]; the value attached to landscape preservation; 
and the framework determining the degree of local 
ownership of wind power schemes. Of these four, 
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landscape values are connected to history and largely 
culturally determined, and exercise great influence on 
decision making regarding wind power schemes (see 
section “Landscape/Seascape”). It is one of the reasons 
why a collaborative approach in decision making is so 
important. The other three factors are mainly informed 
by the institutional developments in the dimension of 
sociopolitical acceptance. These three constitute the 
institutional capacity that can foster and exploit the 
high average support for wind as a power source 
(Table 2, left). Some countries have shown limited 
learning to develop this institutional capacity [58]. 
Most still rely upon the assumed high level of acceptance 
among the public. This support is very strong in most 
countries, but it is important to notice that in all coun¬ 
tries there is a minority that does not support wind 
power and, furthermore, support is almost always con¬ 
ditional [34]. In order to meet the conditions for that 
support, serious institutional change is needed, but 
those changes are subject to sociopolitical acceptance. 

Institutional Conditions 

The main problem with sociopolitical acceptance is 
that it is hard for policy makers to recognise basic 
assumption II of social acceptance, the institutional 
nature of WP implementation, especially the sociocul¬ 
tural side of the STS. Within policy, there is a strong 
rooted institutional tendency to look at energy issues 
and at environmental issues in general primarily - may 
be even solely - as technical problems. Also experts see 
the “energy problem” as a chiefly technical issue, and 
policymakers tend to continue to overly rely on tech¬ 
nology for providing solutions to issues that it cannot 
address, namely, deeper social, political, and cultural 
problems [59,60] . If one assumes that policymakers are 
willing to promote wind power, this inappropriate 
focus remains an obstacle to looking at the technologies 
to be socio-technical and consequently policymakers 
continue to promote renewables ineffectively [20]. 
Although many developed countries have been pro¬ 
moting wind power for more than two decades and 
also have instituted policies in support of wind power, 
there are enormous differences in the effectiveness of 
these policies. 

The comparative assessments of countries and 
state-specific sociopolitical contexts provide some 


understanding of the policies and processes that affect 
wind deployment. For example, a comparison of four 
US states established that although the state of Massa¬ 
chusetts implements supportive policies, this support 
has been insufficient to trigger deployment as deploy¬ 
ment costs remained very high. On the other hand, 
Texas’ targeted policy and spatial planning fostered 
policy that was in line with the energy policy objectives, 
and facilitated deployment. Furthermore, the positive 
aspects of community-based wind development have 
been shown, also with regard public acceptance, in 
particular in Minnesota [60] and Texas [50]. 

Related to the factors in Fig. 3 (discussed in the 
next sections in greater detail), it is important to 
emphasize that the existing discourses on all aspects 
of sociopolitical acceptance among all important key 
stakeholders show fundamental differences, for exam¬ 
ple in Europe [21], the UK, and Australia [22]. Also in 
the US, the nature of wind energy discourses differs 
significantly within states [60]. These contrasting 
discourses reveal strong deviating beliefs about the 
necessity of wind-generated power as well as funda¬ 
mentally deviating beliefs about how to implement 
wind power. These differences reflect separately oper¬ 
ating and usually competing advocacy coalitions 
within the domain of policies that are relevant to 
wind power. Within the conflicting policy belief sys¬ 
tems of these advocacy coalitions [61] , the problematic 
nature of sociopolitical acceptance is reflected [21]. 
Within different discourses, actors usually also use 
different terminology for basically the same attributes, 
phenomena, and issues. All actors have vested inter¬ 
ests, and almost any actor has inherent tendencies to 
use specific terminology to create a certain perspective 
that fits to their views. This process is called “framing” 
and this has proven to be effective, because individuals 
perceive losses and gains differently, depending on 
how a phenomenon or issues is presented to them 
[62]. Some examples: some may define financial 
procurement as “financial support,” whereas others 
prefer to frame it as “subsidies”; the fact that wind 
power supply is not following demand but the pres¬ 
ence of wind may be called “variability,” but it is also 
presented as “intermittency” [27]; the continuous 
power supply of large-scale power from nuclear may 
be presented as “reliable,” but it can also be framed as 
“inflexible.” 
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The strong differences in policy beliefs reflect the 
level of acceptance for the change of essential institu¬ 
tions, for example the willingness to support the choice 
for and the implementation of effective regulatory 
regimes and the willingness to establish planning 
regimes that create the necessary environment for col¬ 
laborative decision making at the local level. Besides 
overcoming the resistance from strong stakeholders, 
in particular in the energy sector, it is not easy to 
introduce supportive regulatory systems. Supportive 
regulation is complex: changing a single element of 
a current system, for example only the financial sup¬ 
port system, or only the planning regime, will not 
overcome barriers at deeper political, cultural, and 
social levels. 

Public Opinion 

What is usually seen as most problematic, general pub¬ 
lic acceptance of the energy source, is in fact least 
problematic [23]. Several indicators show, from the 
beginning in the 1980s and 1990s onward [63] that 
public acceptance of renewable energy technologies 
and policies is high in many countries. General public 
opinion polls in Europe show that the majority agrees 
with public support for renewables, also in countries 
where the government provides relatively little support 
[64] . In the US, a majority also supports building wind 
facilities. In a study on different power-generating facil¬ 
ities, it was found that attitudes about plant siting 
depend heavily on perceptions of environmental 
harm and costs of the particular facilities, but the 
effects of these attributes are similar across different 
types of fuel sources [65]. This suggests that people 
view all power sources in the same framework and 
differentiate them on perceived endowments, environ¬ 
mental harm being the most important. Thus, both 
solar and wind power enjoy high public rating com¬ 
pared to other sources [64, p. 27]. This positive overall 
picture of public support for the wind power as energy 
source for a long time misled policy makers to believe 
that social acceptance is not an issue. This is a mistake, 
for three reasons: 

1. General public support is only based on attributes 
with regard to the energy source in general and not 
connected to attributes that are cases specific 
(Table 2). 


2. Public support is based on fairly low information 
levels [66]. As a result, when the public becomes 
better informed, their views become more bal¬ 
anced, for example when there is a wind power 
proposal and a public discussion about it within 
their community [67]. In fact, because of the very 
high level of positive attitude in the poorly 
informed initial condition, the average shift as 
a result of becoming informed shows the pattern 
of a regression to the mean (see the end of this 
section). 

3. Public support may be averagely high, but this 
average still contains a minority of people that 
generally do object to wind energy. In all studies 
on discourses, the objectors to wind energy appear 
as a distinguished class of actors, not only among 
the public but also among the key actors in wind 
power decision making at all levels [21, 68]. In 
concrete cases of wind farms proposals, the part of 
the public and the actors that represent this objec¬ 
tors’ discourse will almost certainly participate. 
Because of the strong emotional component in 
landscape valuation, their involvement in decision 
making is usually very intense, because landscape is 
the main attribute for attitudes toward wind power 
projects (see section “Landscape/Seascape”). 

The commonsense focus on opposition as a barrier 
to wind power development implies a “taken for 
granted” view on the willingness among the public to 
take positive decisions about wind power. While the 
willingness to invest (positive investment decisions) 
and the willingness to integrate wind power applica¬ 
tions in the community (positive construction and 
application decisions) are conceptually very different. 
In practice, these two are sometimes treated in a similar 
way within existing institutional arrangements. For 
example, willingness to pay for “green power” [69, 
70] is by no means similar to willingness to invest 
in a wind farm and even less similar to a positive 
attitude toward a particular wind power scheme. 
Therefore, a positive attitude toward “green power” or 
“green tariffs” is not a proxy for public attitudes toward 
renewables in general and even less for attitudes regarding 
wind power (see section “Market Acceptance”). 

A particular feature of public acceptance is its time 
dimension. The typical pattern of acceptance before, 



Wind Power: Basic Challenge Concerning Social Acceptance 


W 


12235 


during, and after a project follows a U-curve, falling 
from high average general acceptance to more critical 
levels of acceptance during the siting phase (usually still 
positive on average) and back up to a higher level of 
acceptance once a project is up and running [41, 67]. 
Remarkably, this effect is due to the low levels of public 
knowledge in the first stage, when people are not yet 
confronted with any wind development in their envi¬ 
rons. Information and discussion about a concrete pro¬ 
ject in the community is increasing knowledge. This is 
making attitudes more nuanced and therefore aver¬ 
agely less extremely positive in cases where no high 
emotional attributes prevail. In other cases, it may 
also result in more polarization, which also means 
a lower average positive attitude, when strong emotional 
attributes - community and landscape identification 
related - are at stake [68]. Again, this attenuation effect 
on the generally positive attitudes as a result of 
increased information levels runs contrary to common 
sense, as developers and authorities often expect that 
increasing knowledge will help to reduce objections 
against wind power projects [71]. However, this expec¬ 
tation is based on an illusion, as there is no study that 
provides any evidence of a positive relationship between 
the level of knowledge about wind energy and attitudes 
toward wind energy or toward a particular wind power 
project. 

Whereas the general public support does not imply 
strong impediments for wind power implementa¬ 
tion, the following set of institutional domains in 
policy development and energy provision are the 
distinguishing determinants for the level of sociopolit¬ 
ical acceptance. 

Economic Conditions and Financial Support 

Support regimes and their stability provide the basic 
premise for successful wind power programs, and their 
perceived stability has a positive effect on investment 
decisions. The support regimes are primarily financial, 
and obviously the substantial incentives provide 
a stronger support than small incentives. However, 
the institutional conditions of the support systems are 
even more important: do they subsidize capacity or 
generated energy?; do they support existing incum¬ 
bents or do they attract new market actors?; are the 
subsidies ultimately paid by tax payers or are they 


guaranteed rates ultimately paid by energy consumers? 
These essential characteristics affect the effectiveness 
of the support as well as all three sorts of social 
acceptance. 

In most countries, the dominant approach has been 
to stimulate investments with the introduction of gov¬ 
ernment subsidy or by deploying a tax credit. However, 
the renewable energy feed-in tariff (REFIT) system, as 
a financial procurement system, has become 
a cornerstone for the deployment of wind power in 
successful countries [72, 73]. The effectiveness is due to 
the fact that this system is not only favoring invest¬ 
ments - market acceptance - in wind schemes, but it is 
favoring investments by new actors in energy produc¬ 
tion, which is also supportive to collaborative planning 
of wind power schemes because those actors often have 
strong connections or are rooted in the community 
(Fig. 3). 

The clear example of the promotional role of this 
key instrument in fostering social acceptance is the 
innovation of wind and solar technologies in Germany, 
which is linked to the rapid diffusion that resulted from 
the nature of the policy instruments employed. How¬ 
ever, the application of a clearly effective policy instru¬ 
ment like REFIT is everything but easy; most countries 
did not implement it and in fact its implementation is 
subject to sociopolitical acceptance. Analysis of 
the sociopolitical process that led to the adoption of 
these instruments in Germany demonstrates how the 
regulatory framework is formed in a “battle over insti¬ 
tutions”: “The German parliament, informed and 
supported by an advocacy coalition of growing 
strength, backed support policies for renewables- 
sourced electricity against often-reluctant governments 
and the opposition from nuclear and coal interests” 
[74, p. 256]. On the one hand, this example illustrates 
high acceptance as the instruments that were 
implemented were very effective indeed, but, on the 
other hand, the example also reveals that there are 
strong forces that provide sound resistance in the policy 
process. Such resisting stakeholders exist in all four 
categories of actors (Table 1), but with regards the 
financial procurement system and the guaranteed 
access to the grid, the strongest resistance is often 
found among the incumbents in the energy sector itself 
[51, 75]. This feature of access of new market actors in 
fact reflects the choice to prioritize power generated 
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with renewable sources over conventional power gen¬ 
eration, and the appearance of new actors on the mar¬ 
ket is a key in innovation processes [8, 12]. The 
incumbents in the power sector prefer a system based 
on Renewable Portfolio Standards (RPS) with a claim 
that such systems are market based. Although they do 
not create an electricity market (unlike REFIT, which 
creates this marked based on fixed prices) and only 
offer certificates, RPS supporters claim that it is more 
market based and more cost effective [74, 76]. How¬ 
ever, several studies have shown that REFIT is at least 
far more effective, and some also claim more cost 
effective [77, 78]. The RPS systems actually limit the 
market to a few large energy companies [75, 79]. 

National policy defines the objectives, conditions, 
and instruments of the financial support systems. Most 
significant is the fact that REFIT grants grid access to all 
and it provides financial risk reduction for new inves¬ 
tors [76], and therefore it supports new, more inven¬ 
tive, and renewable-friendly players, thus enhancing 
market competition. Furthermore, the emergence of 
such market competition puts pressure on the incum¬ 
bents. This is a crucial positive reinforcement for any 
civil society initiative that seeks to promote renewable 
energy. In order to exploit the large potential of sup¬ 
portive attitudes in the society, favorable conditions 
and institutional change are needed. The introduction 
of REFIT systems was a major effective institutional 
change in some countries, but many countries still 
refrain from introducing such systems. Moreover, 
despite its undeniable effectiveness, the REFIT is con¬ 
tinuously under attack from energy companies and 
several EU member state governments. The new regu¬ 
latory regime in Germany has gained widespread sup¬ 
port, but resistance still exists and has sought to 
influence European regulation in order to replace the 
regulatory regime adopted in Germany [79, 80]. 

The most significant institutional changes - 
changes of the “rules of the game” - are achieved by 
political decisions, so the roots of the huge differences 
in success rates of wind power implementation can be 
found in primarily problematic sociopolitical accep¬ 
tance. In some countries, sociopolitical acceptance of 
effective new regulatory regimes has been high and 
accompanied by policy changes, in many other coun¬ 
tries it has enjoyed only rhetorical support. Expressed 
preference is not always evidently followed by action 


among policymakers and structural measures - 
institutional change - are yet to materialize. 

The Impact of the Spatial Planning and of Location 
Decision Making 

A persistent line of explanation for the implementation 
deficit that several countries experience with regards 
their performance achieving substantial wind power 
capacity is the existence of a “planning problem” [71]. 
This implies that spatial planning would constitute 
a “barrier” to the expansion of wind energy. Most of 
the attention in social acceptance studies has been 
focused on studying the continued deficit in imple¬ 
mentation as a result of problematic local decision 
making [8] . From the developer’s perspective, the plan¬ 
ning problem is usually interpreted as an attitude- 
behavior “gap” between general public support for 
wind power and local opposition to wind power 
schemes (section “Mind the “Gap””). The reaction to 
these problems is often a request for more perseverant 
planning instruments that would enable authorities to 
overrule local opposition. However, the nature of the 
planning problem is strongly contingent on the dis¬ 
course that the actor supports, and the most prominent 
followers of the “planning as a barrier” line are found 
among developers and authorities in countries that 
have not been very successful in implementation [21]. 
Actors in more successful countries have learned that 
collaborative planning approaches that foster civil soci¬ 
ety initiatives and involve local stakeholders generally 
produce an increase in positive decisions about 
investing and siting wind farms. 

The request for a more powerful, in fact top-down 
planning regime produces a uniform, inflexible system. 
Motivations for adopting such approaches may also 
reflect centralizing planning cultures. A clear example 
of this is the Welsh approach to the planning problem, 
as a reflection of the UK’s centralizing tendency 
in planning. The Welsh 2005 planning guidance on 
renewable energy superimposed centrally determined 
“Strategic Search Areas” for large-scale, onshore 
wind farm development onto local decision-making 
processes [81]. It is doubtful whether such increased 
centralization will help accelerate wind power imple¬ 
mentation. In a comparison of UK and Australian 
policies, it was concluded that such policies did not 
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ease conflict over wind energy projects. On the con¬ 
trary, they have been criticized as endorsing wind 
energy while neglecting concerns about landscape and 
place [22] . Another example is Sweden, where the main 
purpose of the national planning instruments is to 
strengthen wind power as a public interest in local 
land-use planning processes. According to Bergek 
[82], this purpose is not well served because civil ser¬ 
vants became more inclined to treat wind power as 
a private interest when the country targets are achieved. 

If national planning uniformly superimposes the 
locations and site selection, it can only apply the gen¬ 
eral attributes of wind energy (Table 2; left column). In 
decision making regarding projects, these constitute 
only a part of the attributes (Table 2; right column) 
that are significant to the actors involved in the process. 
In the practice of such decision making, another UK 
study showed how the attitudes of people in the imme¬ 
diate vicinity of proposed wind farms exercised the 
most important influence on the decisions made by 
local authorities [83]. This not only includes the per¬ 
ception of the appropriate match between the wind 
farm and the character of the landscape (section “Land¬ 
scape/Seascape”) but also concerns the perceived local 
economic benefits. Interestingly, the study also con¬ 
cluded that there is a lot that wind power developers 
can do to improve the prospects of successful planning. 
This is where the endorsement of national policies 
through top-down planning may easily become 
a factor creating mistrust (see section “Community 
Acceptance”). In addition to landscape concerns, neg¬ 
ative attitudes also emerge in response to the dissatis¬ 
faction with the planning and decision-making 
processes [84]. The opposition to wind power devel¬ 
opments may even be shaped largely by the manner in 
which planning and decision making on wind schemes 
takes place [67, 85], for example the manner of orga¬ 
nizing public consultations [86]. The issue is that all 
local cases of wind power implementation show a wide 
variety of place identification factors, because both the 
landscapes as well as the social structure of the host 
communities differ greatly. Hence, the attributes of 
wind power developments as listed in Table 1 will be 
assessed differently in all cases. Uniform policies can¬ 
not address this diversity. Studies of the underlying 
reasons for opposition show that the objections are 
very heterogeneous [68]. As wind power is already 


a contested realm, also the legitimacy of national policy 
is problematic, in particular when hierarchical power is 
used overtly to site turbines. 

In case planning is actually organized with a focus 
on local decisions and not primarily based on national 
uniform policy regulation, the consequence is that the 
planning context may vary between different munici¬ 
palities, as community acceptance levels may be differ¬ 
ent and may also vary in time. This poses a particular 
difficulty for larger, nationally or even internationally 
operating companies. It is also not congruent with 
national uniform systems that claim to support wind 
power in a cost-effective way. As was noted in an 
analysis of Swedish wind power planning, municipal 
planning tends to undermine the cost-efficiency goal 
of the “green certificates” trading systems [87]. In 
Germany, the feed-in support system - REFIT - has 
positively affected the involvement of the civil society 
and local initiatives to wind farms and correspondingly. 
The implemented planning system did not endorse the 
selection of sites by higher authorities; instead it only set 
a priority for wind developments (“Priviligierung”) and 
then left the actual planning of the local wind develop¬ 
ment and site selection to local governance [88]. 

There are huge differences in national planning 
systems. In general, it can be concluded that planning 
systems are not creating the problems of social accep¬ 
tance. Planning is not the source of the problems, but in 
many cases may become the carrier as the planning 
process is framing how local decisions are taken, and 
most issues related to acceptance manifest themselves 
in the planning process. Therefore, supportive plan¬ 
ning systems are generally those that effectively foster 
and enhance market and community acceptance, i.e., 
a system that stimulates collaborative decision making 
at the level where crucial decisions about establishing 
wind farms are taken. Substantial evidence points to 
the many benefits of the early, sustained, and reciprocal 
engagement of host communities. Such strategies have 
been linked with improved chances of planning success 
and are seen as offering developers the opportunity to 
gain the trust of host communities and among actors 
that invest in wind power projects, to identify and 
address their concerns and to effectively communicate 
the potential risks and benefits. This does not happen 
on the national level but rather mostly on the local, 
with the notable exception of Spain [31]. 


w 




12238 


w 


Wind Power: Basic Challenge Concerning Social Acceptance 


Community Acceptance 

Two Dimensions of Community Involvement 

Historically, the focus within this issue of social accep¬ 
tance of renewable energy innovation has been on 
public acceptance as the cornerstone of community 
acceptance. Community acceptance refers to the spe¬ 
cific acceptance of siting decisions and renewable 
energy projects by local stakeholders, particularly resi¬ 
dents and local authorities. In the commonsense 
approach of “nontechnical factors” (see section 
“Beyond Common Sense”), it was soon recognized 
that energy companies trying to develop pilot projects 
faced problems with the communities. Because they 
were usually incapable to handle these problems, 
about the local resistance in the communities where 
they wanted to establish those developments, the 
debate around NIMBY-ism unfolded. Section “The 
Backyard” describes that this classification of local 
nonacceptance is not fruitful as it violates Basic 
Assumption IV by questioning the legitimacy of the 
actors’ positions and because it fully neglects the high 
potential of positive acceptance at the community level 
of initiatives that originate within the local community 
itself and in civil society more broadly. The utilization 
of such labels denigrates opposition to proposed wind 
development as cynical and selfish. 

Most case studies that analyze the motives and 
beliefs of local actors reveal a wide range of consider¬ 
ations, ranging from strong support for local initiatives 
to rejection of wind developments in principle. The 
essence of the difference between the positions that 
people take regarding specific wind development pro¬ 
jects and the support for application of wind power in 
principle is that the latter general support is qualified 
[23, 34, p. 463]. All actors in society maybe prepared to 
support any wind development that meets certain 
criteria, and they will tend to oppose developments 
that do not meet those criteria. From the developers’ 
point of view, their main concern is the construction of 
the wind turbines, but other actors have other con¬ 
cerns: the selection of a site out of many alternatives, 
different options for who is the investor and owner of 
the turbines, and considerations on who will decide 
about the project and how. For the developer, these 
aspects are not variables but self-evident constants. 
They are inclined to present the proposal in a way 


that creates a narrow frame for the community. The 
developer is not inclined to look at himself as a variable, 
as just one out of many alternatives. Usually, the 
proposal is a wind farm at a chosen location with 
an already selected site. For the community, this 
manner of planning a wind power scheme (“decide - 
announce - defend”) is seen as “framing” the decision¬ 
making process: it presents the most significant aspects 
of the project as already decided upon, without their 
participation [67]. 

This “framing” of decisions of wind power is rooted 
in several institutions, such as rules and procedures in 
spatial planning systems, and existing preferences in 
energy policies that favor developments initiated by 
the incumbents in the energy sector. The process of 
altering these types of institutions is part of sociopolit¬ 
ical acceptance (section “Sociopolitical Acceptance”). 
Moreover, these kinds of problems do not remain 
restricted to wind power. Local acceptance of all types 
of infrastructure facilities is steeped in local conflict 
[89] and infrastructures that aim to further environ¬ 
mental policy targets, such as environmentally benign 
waste management, and climate change adaptation or 
mitigation are no exceptions [90]. The roots of these 
conflicts are complex as they always combine opposing 
interests regarding the use of the facility and the burden 
of the facility in terms of local social or environmental 
impact. Considering wind power, four different types 
of conflicts of interest may be recognized, which are 
based on two dimensions: 

1. Application of wind power as a public interest 
versus wind power as a private interest of the 
owner of the wind farm 

2. Wind power in conflict with various private inter¬ 
ests versus wind power in conflict with public inter¬ 
ests of the community [82, p. 2360] 

Actors of all four categories listed in Table 1 are 
attached to any of the four types of conflict. By defini¬ 
tion, developers represent private interests, except 
when local or regional authorities participate in wind 
farms, as occurs in Spain [31]. Nevertheless, developers 
often claim that their project is an application of an 
environmentally benign energy source and represents 
a public interest: “The benefits of wind power are felt 
by the masses in improved environmental quality, 
diversity of energy resources, and compliance of 



Wind Power: Basic Challenge Concerning Social Acceptance 


12239 



international agreements [..but] the costs are borne 
locally.” [91, p. 505]. In case the developer is a commu¬ 
nity outsider, such as an incumbent energy company, 
the local perception will assign the developer as 
representing private interest, whereas the impact is 
perceived as a burden to the community’s public inter¬ 
est [33]. When developers emerge from within the 
community, their interest may be private (e.g., 
a farmer) but it may be public when the developer is 
a cooperative rooted in the community, as frequently 
has been the practice in success stories like Denmark 
and Germany. In addition to these interests, there is 
the second dimension of community involvement: the 
decision-making process that may vary from closed 
and institutionally constrained to open and partic¬ 
ipatory. On both dimensions of “community renew¬ 
able energy,” the utility wind farm scores low, with 
severe consequences for its acceptability from the 
community’s viewpoint [33, p. 498]. 

An illustration is given in a recent study in Germany, 
showing clear differences in acceptance between two 
fairly similar communities, including the visual impact 
and concern over environmental protection and high 
energy use. A community energy initiative in a village 
called Zschadrafi, changed the perception of the local 
people toward renewable energy compared to a control 
community - village called Nossen - without such an 
initiative. The residents of Zschadrafi had become con¬ 
sistently more positive about renewable energy: “Com¬ 
munity co-ownership of wind energy leads in fact to 
a higher level of local acceptance toward the nearby 
installed wind turbines than ownership of a wind farm 
by a commercial company” [92, p. 7]. Some significant 
figures: the statement “There are already enough wind 
mills in the area” was supported by 39% in Nossen, and 
only 8% in Zschadrafi, and comparable figures on the 
statement “ £ .. .and that causes a disturbance of the 
landscape” were 18% and 4% respectively. 

Identity of Place 

Related to the local acceptance of wind power projects 
is the question whether institutional settings foster the 
community’s identification with the project, such as 
locally organized or publicly owned wind power. This 
can obviously be the result of community involvement 
in the outcome of the project, which can take the form 


of ownership or shareholder participation. However, 
the identification can also be more symbolic “sense of 
ownership” [93], as a result of effective involvement 
and influence in the siting process. 

Moreover, all the forms of involvement are part of 
or are supporting collaborative decision making at the 
level of wind power scheme (Fig. 3: 3). How decision 
making is organized and how social networks at this 
level are involved in projects strongly shapes the possi¬ 
bilities for identification with the project by all actors at 
the community level [94]. 

The most frequently mentioned commonsense 
interpretation of identification is the proximity of the 
selected wind farm site; this proximity hypothesis is 
closely associated with the “backyard” explanation of 
rejection of wind farm development, i.e., local attitudes 
to wind power would be negatively correlated with 
proximity to wind turbines. However, studies have 
failed to find evidence for the presumed negative effect 
of spatial proximity on public attitudes. Although 
some studies did indeed find more negative attitudes 
at closer distance [50], several studies found - some¬ 
times to the researcher’s surprise - that attitudes to 
wind power as well as to the existing project became 
more positive at shorter distances [69, 93]. These 
results also seem to be independent of the national 
policy context. For example, a recent study in New 
Zealand found similar results to the previous studies 
in Europe: neither was there a clear relationship 
between the proximity of the submitters of appeals to 
the proposed wind farm and their appeals, nor did 
proximity increase the likelihood of them having neg¬ 
ative perception of the proposal [95]. 

If it is not proximity, then the question is what 
really motivates local actors (i.e., residents, their civil 
society organizations, and the representatives in public 
administration). An alternative proposed for proximity 
or the narrow interpretation of backyard-protective 
reactions is “identity of place” or “place attachment ” 
[96-98]. These are both concepts in which the focus of 
explanation shifts away from the physical aspects of the 
development toward the socially constructed, symbolic 
attributes of places. It is essential how the identity of 
a place is interpreted by members of the community (not 
primarily restricted to residents) in order to “fit” with 
development proposals. Several empirical findings sup¬ 
port the significance of the link between responses to 
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facilities and place attachment and community commit¬ 
ment. A well-known example is hydropower [99], but 
recent studies on wind power have also confirmed the 
importance of this relationship, among residents and 
local communities [57]. Empirical support for the sig¬ 
nificance of place identity is presented in a study in two 
coastal communities in Wales that are confronted with 
the same nearshore wind developments (North Hoyle 
and Gwynt y Mor). In one community, clear correla¬ 
tions between place attachment and landscape-identity 
evaluations about the wind farms were found, and in 
the other there was not such a relation (“Fence in the 
bay”: r = 0.20). Accordingly, in the community where 
people saw this relation between their place attachment 
and the landscape impact of the wind farm, there also 
was a correlation with oppositional behavior (r = 0.20) 
and none in the other community [98, p. 276]. 

In the concept of place attachment, there is 
a prominence of social and physical elements, whereby 
the latter are connected to landscape characteristics in 
particular [100]. This follows the general finding that 
landscape quality is by far the most important attribute 
of attitudes toward wind power projects. In environ¬ 
mental conflicts about siting wind power schemes, in 
the commonsense approach, the wind turbines are the 
object of the conflict; however, in fact, the physical space 
is the object of the conflict and not only the location of 
the conflict (section “Landscape/Seascape”). 

The meaning of the concept of “community” can 
also be based on the feeling attached to the physical as 
well as the social attributes of a place. For example, 
place attachment can be high among tourists coming to 
the community, whereas in the community itself peo¬ 
ple care for this identity because the attraction is con¬ 
sidered economic valuable. Another important group 
combining physical and social characteristics of the 
community are the members of organizations that 
work on the preservation and conservation of certain 
areas. The conflict over renewable energy facilities has 
often a character what has been labelled as “green on 
green” [42], with organizations that belong to the envi¬ 
ronmental movement at both sides of the conflicts. 
This may be related to the time scope of the environ¬ 
mental issues: some impacts become immediately 
manifest, in particular any visual change in the 
landscape, whereas other have a long-term risk charac¬ 
ter, among these most effects of climate change. 


As many environmental organizations have primarily 
emerged because of landscape and nature protection 
values, their natural reaction to wind farms also con¬ 
cerns the potential threat to these values. Their identi¬ 
fication will usually be strong because of values of 
landscape and ecology, but the identification will also 
be rooted in historic links to a place or in general ideas 
about the character of areas, e.g., in terms of “rural” 
[101, 102]. Studies also showed that this identification 
with places does not necessarily reflect negatively on 
the development of wind power (see section “Fand- 
scape/Seascape”) and the clearest example of this is the 
fact that farmers often have positive connotation with 
“harvesting” the wind on their land because they are 
used to associating their land with production. On the 
other hand, in some cases, proposed wind develop¬ 
ments are the origin of new emerging landscape pro¬ 
tection organizations [103]. 

Benefits 

The most problematic aspect of community acceptance 
is caused by the fact that in many countries the frame¬ 
work of sociopolitical acceptance leads to projects that 
are initiated by actors who are outsiders to the com¬ 
munity. First, this model neglects the potential of sup¬ 
port for wind power initiatives that originates from 
within the community. Second, the community and 
the places valued by the community are used for inter¬ 
ventions that do not create benefits for the community. 
Some studies suggest that local financial benefits “are 
critical to the acceptance of new turbines” [91, p. 507], 
or, put in a more prudent way, “renewable energy pro¬ 
jects can become more locally divisive and controver¬ 
sial if benefits are not generally shared among local 
people” [33, p. 499]. Clearly, the benefits are shared 
when community members are shareholders in the 
wind farm, and the conflict of private vs. public interest 
is effectively mitigated. 

Thus, in all cases of wind farms initiated by devel¬ 
opers outside of the community, securing benefits 
for the community represent a significant problem. 
Nevertheless, community benefits can also be defined 
more broadly than direct financial gain, such as 
benefits-in-kind (provision of assets by the developer, 
e.g., parking facilities, childrens playground, educa¬ 
tional material for schools, footpath, etc.) or investments 
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in environmental mitigation or enhancement [104]. As 
long as community members perceive the local benefits 
as valuable, they can be considered substantial, for 
example when they concern involvement of local 
small companies and employees in construction, main¬ 
tenance, and management of the wind farms. Contri¬ 
bution of renewables is often suggested to positively 
affect local sustainability in a general sense. In the same 
way that usually the environmental dimension of sus¬ 
tainability is emphasized [105], the local dimensions of 
the social - inclusion, governance - and economical 
dimension - development, efficiency, employment - 
may also be promoted by a wind farm [106]. Several 
studies have shown indications that wind farm devel¬ 
opments have indeed furthered local employment and 
the local or regional economy. However, these results 
remain ambiguous: the effects cannot be considered 
substantial [107] or the benefits are not experienced 
in the community but more dispersed, so general 
employment benefits are found at the national scale 
[ 108] . Special cases of community economies that may 
benefit from wind power projects can be found on 
islands, where wind power may help to reinforce the 
sustainability of the community [78, 109]. The general 
picture of local sustainability through wind energy is 
ambiguous, without any notable general tendency. This 
is reflected in the discourses around decision making 
on wind projects in the community. A clear objector’s 
discourse has been recognized in a discourse study 
focussing on presumed negative local economic impact 
[68]. A general framework to analyze the contribution 
of renewable energy deployment to local sustainability 
has been proposed by Del Rio and Burguillo [106]. 

Some aspects should still be mentioned, as in certain 
cases they affect the acceptance of communities. These 
are farming and tourism, both economic sectors that 
may be considered land uses that compete with wind 
power deployment. Concerning the contribution of 
wind power to local sustainability, there is some evidence 
that rural areas may benefit because farmers are able to 
continue their business with a new resource to harvest 
from their land. As a matter of fact, this kind of positive 
acceptance is clear in most countries as many private 
investments in wind have been made by farmers on their 
own land. The picture for tourism is generally less pos¬ 
itive. Community acceptance is adversely affected by the 
perceptions that clients, the tourists, would not like 


turbines. Communities that heavily dependent on tour¬ 
ism, and in particular the stakeholders with interest in 
those activities, tend to be reluctant to allow renewable 
energy infrastructure - including wind turbines in the 
landscape - because it may easily affect the character of 
the area that is considered the primary attraction for 
tourists [110]. Several studies on the cost and benefits 
of wind power for tourism show ambiguous results, 
highly determined by the kind of landscape and the 
kind of tourism [111, 112]. An interesting topic is in 
particular the relation between wind power and tour¬ 
ism on island communities and also of nearshore wind 
power and tourism in coastal areas generally [ 1 13] . It is 
not always clear whether the tourists really do not like 
the turbines or that this is primarily untested fear of the 
actors in the tourist sector. In some cases, there is 
evidence that wind turbines may add to the tourist 
value of remote communities as they are seen as 
emphasizing the character of the location [93]. 

Fairness and Trust 

Having local benefits that balance the burden that the 
community has to bear - at least in their own view - is 
a question of equity and fairness that is typical of 
environmental conflict and decision making on infra¬ 
structure [89, 90]. These are questions related to dis¬ 
tributional justice (How are costs and benefits shared?), 
fairness of process (Is there a fair decision-making 
process that provides all relevant stakeholders with an 
opportunity to participate?), and trust (Are the infor¬ 
mation and the intentions of the investors and actors 
from outside the community trusted?) [52, 114]. 

These questions are strongly affected by the degree 
of collaborative decision making (Fig. 3: 3). In cases 
where the wind farm project clearly generates commu¬ 
nity benefits, the problems with community acceptance 
will remain limited. This often holds for different sorts 
of community ownership, but this will not be suffi¬ 
cient, in particular when the benefits are unequally 
distributed among the members of the community. 
Furthermore, the dimension of community involve¬ 
ment may also create feelings of (un)fairness if com¬ 
munity members feel that the project is imposed on the 
community. 

The “utility wind farm,” or any other project initi¬ 
ated outside the community, is clearly the model with 
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the greatest probability of meeting distrust [115]. In 
particular in policies that favor developments by large 
companies, there is a tendency to include some pre¬ 
scribed compensation to generate community benefits. 
However, this is a dangerous strategy, as the intrinsic 
motivation of the community members with a positive 
acceptance can easily be undermined [116]. Some prac¬ 
tices of compensation in wind power cases show that 
the introduction of community benefits in case of 
a wind farm built by a community outsider may rein¬ 
force feelings of mistrust and it can easily be interpreted 
as an effort to bribe the opposition. Although commu¬ 
nity benefits, financial or otherwise, are presented as 
means of creating greater equity, experiences with this 
kind of compensation of local burden to the commu¬ 
nity show that “even the most well intentioned devel¬ 
opers may have a hard time earning the trust of local 
communities” [117]. 

Market Acceptance 

Social acceptance can also be interpreted as market 
acceptance or as the process of market adoption of an 
innovative STS. The literature on diffusion of innova¬ 
tion explains that the adoption of innovative products 
by consumers takes place through a communication 
and negotiation process between individual adopters 
and their environment [118]. A technology like wind 
power is bound to infrastructure, such as the power 
grid, which makes it inherently more complex to dif¬ 
fuse this innovation than other products. However, 
using the insights from this literature, it is helpful to 
study market acceptance at the consumer level. 

Consumers can, and in successful examples of 
implementation do, play a role as investors. They 
have participated in cooperatives or other civil initia¬ 
tives - “Burgerinitiative” in German - to establish wind 
farms and thus became shareholders. There is a wide 
range of motives for such initiatives, but a strong driv¬ 
ing force behind this development were various grass¬ 
roots initiatives (Fig. 3) based on environmental 
concern and the willingness to be involved in the devel¬ 
opment of alternatives to conventional and nuclear 
power generation [88, 119]. In the meantime, such 
civil initiatives have evolved into new energy compa¬ 
nies with an inherent high degree of acceptance of 
renewables energy. 


The alternative to investments by civilians in wind 
power is the choice in their role as consumers to sub¬ 
scribe to any kind of “green power” [120]. Such labels 
are in fact a type of marketing strategy used by energy 
companies, generating power through a mixture of 
sustainable energy generation [30, 121]. Most of these 
schemes include wind power, and consumers have the 
opportunity to switch to renewable energy supply 
without being actually involved in the physical genera¬ 
tion. The “green power” schemes are probably the area 
where market adoption is rather isolated from the 
broader social acceptance picture. A study from 
Sweden shows that rejection or acceptance of green 
power does not correlate with proximity to renewable 
power facilities [69]. Nevertheless, if consumers would 
demand increased amounts of green power, wind farms 
would still need to be sited to supply this demand. The 
separation between (physical) supply and demand is 
inherent in the concept of green power marketing and 
trading, and it is a continuation of existing institutions 
in the power sector. The model is strongly favored by 
the incumbents in the energy sector, similar to the 
support they provide to RPS systems. This might 
aggravate the problem of social acceptance, for example 
if there is high green power demand, but the energy 
companies are not able to generate sufficient sociopo¬ 
litical and community acceptance for building the 
corresponding wind power production infrastructure. 
Extensive international green power trade, that might 
also be favored by an internationally (e.g., EU wide) 
operating green certificates system, something that is 
strongly supported by Eurelectric - the European 
umbrella organization of the power supply sector - 
would reinforce such problems [79]. It seems question¬ 
able whether residents of a country with large wind 
resources, such as Scotland, would be willing to bear 
the burden of the export of green power generated by 
many large wind farms. It would become a market 
model that would provide a “free rider” escape for 
countries that scale-up the original “backyard” concept 
to their entire nation [122, p. 209] in which they do not 
opt to produce a sufficient amount of renewable energy 
within their own country needed for making the tran¬ 
sition to a sustainable energy supply. 

In a wider understanding of market acceptance, the 
focus is not just on consumers but also on investors and 
the structure of the economy. Examples of studies on 
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market acceptance are, for example, the “translation” of 
market stimulation and the effect of policy instruments 
as applied in Europe, in different markets such as the 
US. Bolinger [123] emphasizes the importance of the 
use of instruments that rapidly develop the domestic 
market for wind technology, in combination with 
incentives for using power technology that is 
manufactured locally. As the studies comparing the 
policies applied by different US states show, the socio¬ 
political acceptance of such measures is very different 
[49-51]. Equally important is the acceptance on new 
but rapidly developing markets like China. There the 
relation between the development of a domestic market 
and the development of a wind turbine industry has 
been reversed. The market is working under a strong 
centrally directed development regime, including the 
obligation to use wind turbines built in China, and 
moreover strong institutional impediments exist with 
regards the effective inclusion of regional and local 
identity in the wind developments. Together with the 
fact that the general market is determined by set prices 
in cases of noncompetitive contract wind farms, or in 
underbidding in cases of competitive concession pro¬ 
jects, many wind farms are not embedded in the 
regional or local economy and they are often qualita¬ 
tively low developments suffering from poor economic 
performance [124]. 

With all kinds of market systems, there is also the 
issue of intra-firm acceptance of renewable energy 
innovation. Numerous examples show that large 
firms are subject to path dependency when it comes 
to their investment behavior. For the general picture of 
social acceptance, early market formation is an essential 
contribution to building the legitimacy of renewable 
energy innovation as a whole [125, 126]. The issue of 
wind power implementation is also connected with the 
development of a wind power technology industry, as 
the existence and progressive development of 
a domestic market for application is the key to the 
development of this new branch of industry [127]. 

The success story countries developed a strong 
domestic market without large investments from 
existing energy companies. How social acceptance is 
constructed within existing energy companies would 
be an issue well worth studying. This could very well be 
linked to some of the research on cognitive barriers 
within firms with regard to taking up environmental 


and sustainability issues [128]. Many of the energy 
companies still own and manage significant parts of 
the grid; even though in some countries, the grid man¬ 
agement is subdivided in regional monopolies and is 
separated from power generation. The role, position, 
and objectives of existing energy companies are 
a strong manifestation of market acceptance. In the 
Netherlands, the energy companies held a gatekeeper 
role and decided about the remuneration and grid 
access for more than a decade, whereas the German 
government forced power companies to accept compe¬ 
tition from third parties [88]. The latter factor is an 
essential feature of the success of the German “feed-in” 
legislation and the Renewable Energies Act which effec¬ 
tively stimulated third parties to invest in wind turbines 
[119]. It is clear, particularly from the position of the 
energy companies toward the REFIT and RPS support 
schemes, that they prefer systems that enhance their 
position in the market over the introduction of systems 
that stimulate third-party investments in small-scale 
renewable power generation [73, 78]. Moreover, there 
is a link with sociopolitical acceptance, because the 
incumbent energy companies are influential stake¬ 
holders in the development of energy policies and 
they try to use their influence in the crucial political 
decisions about the design of financial procurement 
systems, the access to the grid for other investors in 
renewable energy systems, and the introduction of 
green certificates trading systems [79]. 

Significant Attributes Connected to Place Identity 

Numerous potential attributes of wind power applica¬ 
tion are shown in Table 2. Most of these with high 
relevance for sociopolitical acceptance are connected 
to issues concerning governance and institutional 
change, or they are general attributes of the wind 
power technology, such as its variable supply character. 
Some attributes come to the fore on the level of general 
application of wind power as well as in any specific case 
of building a wind farm. The way they show up in these 
cases, however, is very different. These attributes con¬ 
cern the impact that building wind turbines has on the 
environment, and these impacts are not primarily 
determined by the wind turbines itself or by the wind 
farm design. The impact is primarily determined by the 
existing local environment before establishing the 
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development. Three categories of impact can be distin¬ 
guished that are discussed in almost any case: land¬ 
scape, wildlife, and annoyance. 

Landscape/Seascape 

The attribute “landscape” is by far the most significant 
in social acceptance. Attitude studies in the 1980s and 
1990s already indicated that the discussions on the 
desirability of large-scale application of wind power 
focus upon the degree to which wind turbines can be 
integrated in the landscape [3, 4, 41]. In most policy 
documents and in approaches of developers, this weak 
spot is recognized, but the issue is poorly understood. 
In the realms of policy and developers, it is usually 
narrowed down to “visual impact” [39, 129]. Two 
approaches can be recognized. In the first approach, 
studies try to develop instruments for visual impact 
assessment, and these tend to focus only on the visibil¬ 
ity as the determining factor [130]. The second 
approach tries to include assessments of landscape by 
the public, but this approach is also meant to find 
generally applicable parameters of visual impact in 
order to quantify the corresponding impact [131]. 

With regards the issue of social acceptance, both 
approaches fail to address the essence of the landscape 
issue. The inevitability of the highly visual character of 
wind power is reason of the importance of the land¬ 
scape issue, but the visibility is not the problematic 
impact itself. The visibility is making the landscape 
the most important - salient - attribute of wind 
power acceptance because it unifies three kinds of 
strongly varying elements. Landscape assessment of 
wind power varies, because: 

1. The landscape impact varies widely among cases, as 
the character of the landscape is very different at the 
locations. 

2. Within each landscape, there are many distinguish¬ 
able elements that may differently be affected. 

3. The valuation of the impact shows a wide variety 
among individuals: some can positively value land¬ 
scape elements, whereas other individuals value the 
same element negatively. 

Furthermore, the third factor of subjective valua¬ 
tion is also connected to the geography of the case, as 
local communities may differently assess similar 


landscapes because the identity of their community, 
including the landscape surrounding it, is historically 
and culturally determined. This is what is making the 
landscape issue highly subjective, and impossible to 
quantify objectively. 

The notion of “visual impact” almost automatically 
classifies the impact on the landscape as negative. This 
strong simplification can also be found among the 
minorities that oppose to wind power in general. In 
individual attitudes, the beliefs and valuation 
concerning landscape are the strongest determinants 
of attitudes toward the energy source wind power 
[41, 52]. A clear example of this is the sociocultural 
approach by Brittan [132] who uses a terminology that 
classifies wind turbines as “alien” to the landscape, deter¬ 
mining their unacceptability. He compares wind tur¬ 
bines to weeds, “invaders” offending aesthetic values in 
a field of native flora: “To the extent that standardized 
machines are plunked down in a standardized way, then 
no matter who owns them, the local character of the 
community is thereby weakened if not also destroyed” 
[132, p. 178]. This is clearly the philosophy of a strong 
general opponent of wind power, but the quote also 
underlines the significance of landscape and place iden¬ 
tity for this attitude (see section “Public Opinion”). 

In the late 1980s, the first studies that tried to 
establish the significance of arguments that inform 
attitudes to wind energy already showed that these 
attitudes primarily root in values concerning landscape 
[4, 41]. Ever since, public perception studies as well as 
acceptability case studies show that attitudes mainly 
reflect the assessment of the acceptability of turbines 
in terms of congruency between turbines and the type 
of landscape in which they are sited [133-135] . Despite 
the enormous variation that already exists between 
“typical” national or regional landscapes, studies in 
different countries have shown that it is the type of 
landscape in which the turbines are sited that is the 
most determining factor in acceptance of wind power. 
This holds for onshore as well as offshore [136, 137]. 
The idea that acceptability offshore will be higher and 
easier to achieve assumes that offshore wind power 
schemes would avoid the issue of destroying the land¬ 
scape, which is again based on the simplistic idea that 
visibility determines landscape impact. Several recent 
studies show that the idea that building wind farms 
“over the sea and far away” would solve the social 
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acceptance issue is naive [ 138] . Landscapes may also be 
“seascapes” and these are also determining public 
acceptability, in particular since most offshore schemes 
are still nearshore. 

Several studies of nearshore wind power have 
shown evidence that social acceptance is inevitably 
a topic, and the crucial factor of the impact on the 
seascape has indeed come to the fore [139,140] . Table 3 
shows the impact of visual factors of a large proposed 
nearshore wind farm on the attitudes toward wind power 
development in the region. The variance in the accept¬ 
ability could largely be explained by these visual factors, 
but in fact there were only two variables that described 
the character of the landscape that were important. Land¬ 
scapes with ecological value are clearly negatively associ¬ 
ated with siting wind turbines, but it is important to see 
that they are very positively associated with areas already 
in use for economic activities. All visual factors 
concerning the turbines and the way the wind farm 
would be designed did not significantly add explained 
variance. Hence, it is the qualification of the landscape 
that is the key to visual impact. Some cases show that the 
identification to seascapes with high iconic value - e.g., 
Nantucket Sound MA in the US and the WaddenSea in 

Wind Power: Basic Challenge Concerning Social Accep¬ 
tance. Table 3 Support for wind power development in 
the entire region, explained by landscape type factors and 
design factors [52]; standardized regression coefficients (/?) 


Landscape/design factor 

p 

t 

p < 0.01 

Landscape 1 character: 
economically applied area 

0.45 

10.5 

+ 

Landscape II character: 
nature, ecological value 

-0.28 

-7.9 

+ 

Landscape III character: 
residential use 

0.06 

1.53 

p > 0.1 

Landscape IV character: 
offshore (North Sea) 

-0.03 

-0.14 

p > 0.1 

Wind farm design 1 large/ 
small wind farms 

0.01 

0.33 

p > 0.1 

Wind farm design II small/ 
tall turbines 

0.01 

0.23 

p > 0 1 

Wind farm design III small/ 
large numbers 

0.04 

1.10 

p > 0.1 


N = 535; R = 0.66; R 2 = 0.44 


the Netherlands - has produced strong oppositional 
movements and eventually failing large wind farm pro¬ 
posals [44, 141, 142]. These studies also show the sig¬ 
nificance of the concept of “place identity,” as the values 
attached to those seascapes are strongly associated with 
cultural heritage and ecological values, giving these 
conflicts a typical “green on green” character [42]. 

The question that remains is how to handle the 
landscape/seascape issue. Any assessment of the con¬ 
gruence between local landscapes and a wind power 
scheme maybe very subjective indeed, but nevertheless 
it is the number one issue that should be addressed in 
decision making. There are two strategies to handle this 
issue that usually enhance the conflict, but that are 
frequently applied by developers and authorities. The 
first strategy is trying to “objectify” the assessments by 
efforts to develop instruments for the objective assess¬ 
ment of visual impact, which was, for example, tried 
with an instrument of “viewshed simulations” applied 
in the Nantucket Sound case (“Cape Wind”) [141]. 
A second strategy is to hire one of more “experts” to 
finally decide what the visual impact is and this strategy 
was applied in the WaddenSea case by calling in the 
official state’s architect [142]. In both cases, the strate¬ 
gies failed because these methods try to abstract the 
essence of the identity of the landscape, which is that it 
is primarily the values that determine this place identity. 

For any decision that addresses the identity of the 
landscape, it is crucial to apply a method that assesses 
landscape quality interaction with the new elements - 
the wind turbine - as it is actually perceived by the 
relevant viewers. By definition, landscape is the part of 
the environment that is the human habitat as it is 
perceived and understood through the medium of 
our perceptions [143]. Apparently, most developers 
and authorities alike do not like it, but these percep¬ 
tions of landscapes are rooted in community values and 
history, and the only way to deal with them is to deal 
with the people holding these values. It is crucial to 
apply methods that assess landscape quality interaction 
as it is actually perceived by the viewers, because the 
value of the landscape is “in the eye of the beholder” 
[144, 145]. Together with the strong influence of the 
landscape issue on people’s acceptability judgments, 
these observations all underline why collaborative 
planning strategies - see Fig. 3 - including cooperative 
and participatory decision making are crucial. 
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This applies to onshore wind, but also to offshore 
[140] although the communities that are involved 
will often be different. For offshore wind farms a new 
practice of spatial planning at sea is emerging, and 
similar to planning on land, the involvement of 
crucial stakeholders is essential [146, 147]. Most of 
these are representing competitive uses of space at 
sea and coastal land uses that can be affected by near¬ 
shore wind development. To name a few: tourism, 
nature wildlife, shipping tracks, fisheries, oil and gas 
exploitation, national defence, etc. Some experimental 
involvements of vested interests at sea are currently 
investigated, in particular the co-development of 
wind power with new ways of marine culture and 
commercial fisheries [148]. 

Wildlife 

Nature and landscape are strongly connected in per¬ 
ceptions. The strong commitment and tacit knowledge 
about the ecological qualities of the landscape are also 
shaping landscape perceptions within communities. 
This results in the “green-on-green” character of 
many conflicts about wind power schemes as organi¬ 
zations founded for the protection of natural values 
and wildlife are often involved in questioning wind 
power developments [42]. 

Similar to the attribute “landscape,” the funda¬ 
mental factors that determine the actor’s assessment 
of the attribute “nature and wildlife” are the visibility 
and the identity of the location in the eyes of the 
community members. The fact that the casualties of 
birds are so visible is making the phenomenon inevi¬ 
table for policy makers, developers, and local decision 
makers. In terms of attitudes, with regards bird casu¬ 
alties, we are dealing with beliefs about a “salient” 
attribute ( [28]; see section “Attitude Objects and Attri¬ 
butes”). Efforts to assess the factual impact on avian 
wildlife are still not definitive. The impact is heavily 
dependent on what kind of species of birds (and sim¬ 
ilarly also bats) could be affected. Furthermore, the 
acceptability is as always not only depending on the 
factual impact of wind turbines on wildlife but it is 
also depending on similar impact of the alternatives to 
wind power [149]. Hence, there is no doubt that there 
is some impact on avian wildlife, and even serious 
adverse consequence on some species, but in fact the 


impact of alternatives, in particular coal and nuclear 
power on wildlife (including the impact of power lines) 
is probably much stronger. The impact of hydropower 
is not primarily on avian wildlife, but its impact on 
fish and river ecosystems, in general, seems very high, 
but how should this be compared to the impact of wind 
turbines on some species? Because of the high visibility, 
wind power is vulnerable to a more negative profile 
than hydropower has in regard to its impact on fish. 
The high visibility of wind turbines and of eventual 
casualties is making this impact a serous problem with 
regard to the acceptance of wind turbines at certain 
locations. 

The impact on birds is mainly connected to the 
location. The presence of birds is obviously geograph¬ 
ically determined - due to breeding grounds, migra¬ 
tion routes, etc. - and these are fairly objective factors, 
but the social valuation of the impact depends heavily 
on how the affected species are valued. These are spe¬ 
cies that are already rare and endangered, but also 
species that enjoy a valued status as icons of certain 
places, for example the sea eagle, a bird with high iconic 
value that has spurred discussion about the closing of 
an existing wind farm in Norway [150]. The strongest 
valuation is again connected to the characteristic pres¬ 
ence of certain species or of entire ecosystems in 
which these species are essential elements. The presence 
of such species can add much to the identity of cer¬ 
tain locations and then it will strongly affect the accept¬ 
ability in the eyes of the communities that strongly 
identify with the place, such as nature-protection 
organizations. 

In the collaborative decision making, the discussion 
may be focused upon accepting the building of the 
wind turbines at the site or to select another site. It 
may also concern the way of siting the wind farm, 
whereby specific characteristics of the living patterns 
of the birds can be used to redesign the wind farm 
[ 151] . The impact on wildlife is not the strongest factor 
in determining attitudes to wind farm developments, 
but the issue is closely linked to question of place 
identity and in particular landscape identity (section 
“Identity of Place”). Hence, for social acceptance it is 
very important that the issue is addressed in the collab¬ 
orative decision-making process by means of participa¬ 
tion of the organizations representing the interest of 
nature and wildlife. 
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Annoyance: Noise 

The local impact of wind turbines is often described in 
terms of annoyance. For example, the visibility of the 
turbines is sometimes referred to as visual annoyance 
or intrusion. As described in section “Landscape/ 
Seascape,” this description is mainly determined by val¬ 
uation. The most serious sources of annoyance are 
shadow flicker and the sound produced by wind turbines. 
The valuation of that sound is usually referred to as 
“noise,” a term with a clearly negative connotation. 
Shadow flicker is very severe indeed, but it can be avoided 
because the places where the moving shadows appear can 
easily be calculated [152]. The perception and experi¬ 
ence of noise, however, is a very complicated matter. 

Noise has been addressed from the early 1980s 
onward as a serious issue concerning wind turbines. 
Technology development has reduced the production 
of sound by wind turbines, but simultaneously the size 
of the turbines has increased. In decision making about 
the siting of turbines, noise can play a significant role. 
In the collaborative process, the issue of sound pro¬ 
duced by the turbines should be taken seriously. How¬ 
ever, this does not mean that the expectations about 
noise annoyance are primarily determined by the 
sound of the turbines. The first study on the relation 
between the actual sound pressure produced by wind 
turbines and annoyance was carried out in the early 
1990s when the number of people living close enough 
to wind turbines to be seriously affected was rather 
limited. This study in three countries found that the 
level of annoyance among surrounding residents was 
stronger affected by attitudes to the wind turbines than 
by the factual sound pressure [153]. 

This phenomenon has been replicated in a more 
sophisticated noise annoyance study. It combined on¬ 
site physical measurements of sound pressure with 
adequate measurements of all relevant variables to 
annoyance among residents on several locations in 
Sweden. In that study, the strongest influence on 
annoyance was from two attitude variables concerning 
wind turbines in general and to the visual impact of the 
wind turbines [154, p. 484]. In a second study, these 
relations were specified in a model and tested, and the 
result is shown in Fig. 4 [155]. The figure shows that 
there is a positive correlation between dB(A) sound 
pressure levels and annoyance, but noise annoyance is 


much stronger related to the visual attitude. This visual 
attitude has been measured with indicators as the 
impact on the landscape, a judgment in terms of beau¬ 
tiful or ugly, and a judgment about natural versus 
unnatural. As usual, this attitude is in turn strongly 
related to the general attitude to wind turbines, mea¬ 
sured in terms of general opinion, efficient power gen¬ 
eration, and necessity. Figure 4 presents the results for 
those residents that could see at least one wind turbine. 
There were no differences between rural and built-up 
areas, but the relations became weaker on locations 
with hilly or rocky terrain and among people that 
could not see any of the wind turbines. The study 
shows that even for noise annoyance, which is about 
the sound that is produced by the turbines, the land¬ 
scape issue is still a more important attribute than the 
sound itself. This finding reinforces the overall domi¬ 
nant significance of landscape for acceptance of wind 
turbines. 

Future Directions 

The issue of social acceptance of wind power will come 
to the fore even more prominent in the coming 
decades, but the character of acceptance issues in the 
three dimensions will probably change. In the coming 
decades, the problems concerning the institutional 
constraints for the emergence of a new STS in its early 
adoption phase will gradually shift toward the social 
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tance. Figure 4 

Structural equation model [155, p. 384] presenting 
strength of paths explaining noise annoyance for residents 
who could see at least one turbine (A/ = 843) 
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acceptance of interconnected sustainable energy sys¬ 
tems in which wind power is only one of the substantial 
components. It will no longer be an issue of introduc¬ 
ing a new kind of energy supply, but of implementa¬ 
tion of sufficient capacity of renewable sources required 
to establish a full transition toward sustainable energy 
supply. In all three dimensions of social acceptance, new 
problematic issues will emerge because of the enormous 
requirements in the amount of space needed to establish 
that capacity. This is considerably underestimated in 
policy - as well as the rest of the society - in particular 
with regards the power-space ratio in relation to the 
energy consumption in developed countries. This ratio 
shows the impressive amounts of land-use change 
needed [122]. 

The current awareness of the required space for 
sustainable energy supply is still limited and, hence, 
the consequences in terms of landscape occupation 
and potential environmental conflicts are neither fully 
recognized. One of the major changes that is recognized 
though, is the potential rapid development offshore. 
This constitutes a major new challenge, but as indi¬ 
cated - section “Landscape/Seascape” - the issue of 
social acceptance may be different there because of 
other competing spatial claims and key stakeholders, 
but this definitely does not result in less complexity in 
decision making. Again, a collaborative approach to 
decision making is needed to handle these complexities 
in a way that furthers acceptance among the crucial 
actors. 

The essential role for collaborative planning 
approaches to wind power emphasizes the role of com¬ 
munities. This line of practice will only become more 
important because of the number of wind power pro¬ 
jects and therefore the number of communities that 
need to be involved. There should be no misunder¬ 
standing though, that the complexities of the realities 
of community can easily be underestimated. Although 
most acceptance studies reveal that the role of commu¬ 
nities is essential, there should be no presumptions 
about communities that they are always benign toward 
sustainability [156] and their willingness to further the 
development of renewable and sustainable energy can¬ 
not be taken for granted. A comparison of different 
cases of community energy has shown that community 
support for wind power projects, even if they are rooted 
in parts of the community, is definitely not self-evident. 


This analysis concludes that “trust between local people 
and groups that take projects forward is part of the 
package of conditions which can help projects work 
and for local people to feel positive about getting 
involved and about process of project development” 
[157, p. 2662]. However, there are no simplistic pre¬ 
scriptions of “what works” and community wind 
power projects cannot simply be replicated from place 
to place. Again, the essence of the implementation of 
a new STS in a community is that understanding the 
social context of innovation and technology diffusion 
is just as important as its technical dimensions. Studies 
that enhance our understanding of how to embed 
renewable energy supply in communities still have 
a short history, and the understanding is still limited. 

The most significant aspect of collaborative deci¬ 
sion making about and community acceptance of wind 
power projects is the fit to the identity of the landscape 
in the eyes of the community members. Within the 
sociopolitical acceptance dimension, there is a persis¬ 
tent preference for efforts to try to avoid the far- 
reaching subjectivity of “the eyes of the beholder” 
[ 144] . The efforts to develop technological instruments 
to objectively assess the “visual impact” will not 
enhance trust, as they are not helpful to address the 
valuation of landscape identity. A more fruitful direc¬ 
tion for the analysis of the landscape issue with newly 
developed technological instruments is where such 
techniques are applied to support the collaborative 
planning process of wind power schemes. Recently, 
some studies have shown considerable progress in 
that direction [158, 159]. 

The main question of social acceptance will remain 
how to build sociopolitical and market acceptance for 
the collaborative way of planning and decision making 
that is needed. This key to the large number of positive 
investment and space-making decisions will even 
become more important because wind power is becom¬ 
ing increasingly part of an all-embracing STS of inte¬ 
grated sustainable energy supply. The new power 
supply system will have to integrate growing numbers 
of distributed generation units [26, 160]. This STS may 
include several components, such as solar PV, small- 
scale CHP, tidal, geothermal, and hydropower, and all 
of these are subject to questions with regard social 
acceptance [161]. Furthermore, the increasing amount 
of capacity with a variable supply character is adding 
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new challenges to the power grid, which in the current 
situation is considered storage capacity for sources like 
wind power [162]. For sociopolitical acceptance, this 
development asks for willingness to invest in the devel¬ 
opment of a new STS based on a power grid that can 
handle the increasing tendency of distributed genera¬ 
tion and decentralized optimization [163]. 

The integration of all the components of sustain¬ 
able power generation, including the mutual fine- 
tuning and optimization of local supply and demand 
and possibly with the introduction of local storage 
capacity - e.g., electric vehicles [164]- must be embed¬ 
ded in a “smart grid” [165]. All the new technologies 
needed for this integration will become subject to 
acceptance decisions, as incumbents in the existing 
power sector should institutionally support them in 
policy, and they need willingness to investments by 
many market actors, including the acceptance by con¬ 
sumers. The issue of community acceptance will come 
to the fore more prominent as well, as we are dealing 
with more distributed generation that by nature 
depends largely on decisions on that level. The future 
“smart grid” will probably be something like “a net¬ 
work of integrated micro-grids that can monitor and 
heal itself” [165, p. 570] in which the micro-grids are in 
fact connecting communities of consumers that partly 
have become producers themselves - or coproducers - 
and mutual suppliers. All questions of (co-)ownership 
and involvement in decision making that have come to 
the fore as crucial in wind power development will 
become more complex. They become embedded in 
questions about ownership and about who will be in 
control of all the facilities that are part of the new 
supply system, which in particular includes the smart 
meters and smart regulating devices that will be the 
hubs of the smart micro-grids. The social acceptance of 
wind power will become embedded in the acceptance 
of all kinds of decisions about this future STS of sus¬ 
tainable energy supply and demand. 
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Glossary 

Ancillary services Additional services that are required 
to manage the delivery of energy. Examples include 
reactive power support, balancing and regulation, 
and operating reserves. 


Balancing area The collection of generation, trans¬ 
mission, and loads within a metered boundary 
where a power system operator maintains the 
load-resource balance. 

Capacity markets Market-based method of procuring 
sufficient generation and demand response to 
assure that future load and reserve requirements 
will be met. 

Day-ahead market Hourly wholesale electricity mar¬ 
ket that is cleared the day before the operating day. 
Real-time market Hourly or sub-hourly wholesale 
market that is cleared shortly before the operating 
interval. 

Reserves (operating) Additional generating capacity 
that is available in real time or near real time if 
needed to compensate for unanticipated generator 
failures (contingency reserves) or unanticipated 
changes in load or wind generation (load-following 
reserve). 

Reserves (planning) Generating capacity that is built 
in excess of predicted load in a future time period. 
This excess reserve margin is calculated to account 
for unexpected failures of power plants, ensuring an 
adequate supply of electricity at all times. 
Self-schedule Decision by a generator operator to 
operate at a specific time regardless of price. 

Unit commitment The process of determining the 
optimal mix of generators that must be started or 
otherwise made available one or more days in 
advance of need. 

Wind energy penetration Percentage of wind relative 
to the rest of the system. This is typically calculated 
using energy on an annual basis; the percentage of 
total energy demand for a year that wind energy 
provides. 

Wholesale electricity markets Wholesale bulk power 
market that facilitates the exchange of energy 
among buyers and sellers. 

Definition of Subject 

With increasing concern regarding climate change and 
emissions from conventional power plants, new markets 
have developed that allow for the trading of the clean 
energy attributes of wind and other renewable energy 
sources. We discuss these green power markets and their 
role in demonstrating compliance with renewable energy 
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standards. Wind energy can also be bought and sold in 
wholesale energy markets, exchanges where bulk energy 
is bought and sold. In some areas, capacity markets exist 
that provide payment for installed capacity that is avail¬ 
able when needed. Capacity markets are generally based 
on the capacity contribution that a power plant or 
responsive load can make toward planning reserves, 
which is called the capacity credit or capacity value. 
The general motivation behind a capacity market is to 
ensure sufficient revenue for the generator and sufficient 
installed capacity. 

In some countries, government incentives exist that 
encourage the development and use of wind energy (or 
other renewable energy sources). These may include 
the following: 

1. Renewable energy standards, sometimes called 
renewable portfolio standards: These standards spec¬ 
ify some percentage of all energy or capacity that 
must be provided by renewable energy resources. 

2. Wind energy tax credits: reduction in tax liability to 
encourage development and use of wind energy. 
The tax credits can be based on the amount of 
energy production from the wind plant, or can be 
based on investment or other economic attribute. 

3. Green power markets: a market where the “green” 
attributes of renewable energy can be traded. The 
objectives of these markets can be to help in satis¬ 
fying compliance rules for renewable energy stan¬ 
dards, or could be alternatives to policies that limit 
the emissions (including carbon) from conven¬ 
tional power plants. 

Because of its variable and uncertain characteristic, 
wind energy can increase overall operating reserves that 
are needed to manage uncertainty. The costs associated 
with this increase in reserves and changes in the way the 
system is dispatched are called wind integration costs. 
Specific methods to measure this cost have evolved, and 
today there is some controversy surrounding the topic 
and its precise definition. Integration impacts and 
costs are not unique to wind. Nuclear power, for exam¬ 
ple, typically requires larger contingency reserves and 
increases cycling of other base-load generation. All 
investments in the power system impact system opera¬ 
tions and costs. 

With the recent increase in actual and planned wind¬ 
generated electricity, there has been an accompanying 


increase in estimating the economic development 
impacts of wind. These impacts result from expenditure 
on the construction and operation of wind turbines or 
plants. Much of the focus of economic development 
impact studies is on jobs related to the wind plant, and 
the change in spending that occurs as a result. 

All of these issues are potentially important as deci¬ 
sion makers evaluate policies that may influence the 
development of wind energy. 

Introduction 

Wind energy has seen significant growth in the past 
several years. As a result, it has become more visible 
to power system planners and operators, electricity 
wholesale market designers, and to policy makers. Dur¬ 
ing the same period, there have been substantial 
changes in the way that electricity systems are operated. 
The single major change has been the movement 
toward large coordinated wholesale electricity markets. 
The confluence of these two development trends has 
resulted in a substantial body of analysis and develop¬ 
ment of market mechanisms that are intended to pro¬ 
mote economically efficient exchange of electricity, 
taking into account the characteristics of the many 
generating technologies that are used today, and in 
the near future. 

Wind energy is integrated, bought, and sold using 
a variety of markets and mechanisms. In this entry we 
examine several key wind energy issues related to eco¬ 
nomic development, wholesale electricity markets, 
subsidies, and capacity value. Because wind energy is 
integrated into a large complex power system, wind 
issues often must be analyzed in that context. Electric¬ 
ity markets, for example, apply to all buyers and sellers 
in a particular region. Because there are other genera¬ 
tion technologies in use on the grid, markets must be 
designed and operated in such a way that the charac¬ 
teristics of all technologies can be recognized that result 
in economically efficient power system operation, 
achieving appropriate reliability targets. 

This entry examines the characteristics of the 
wholesale electricity markets in which wind energy 
operates, discusses the capacity value and implication 
for the acquisition of other generation to ensure gen¬ 
eration adequacy, the role of tax credits, integration 
cost impacts, and the economic development impacts 
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of wind energy development. The entry concludes with 
a brief assessment of future directions. 

Wind Energy in Wholesale Markets 

The way wind energy participates in wholesale energy 
markets can vary significantly. In this section we 
describe some of the key approaches used in the United 
States and in Europe. We note that wholesale electricity 
markets in many parts of the world are currently 
undergoing changes that may alter some of the discus¬ 
sion contained in this entry. Market characteristics 
discussed herein were in place at the time of this writ¬ 
ing. Common elements in international comparisons 
include the basic operation of wholesale electricity 
markets. These markets help manage the bulk power 
system (combination of large generators and high- 
voltage transmission) balance, which requires total 
generation to equal total load at all times. When oper¬ 
ated on short time steps, such as 5 or 10 min, these 
markets can provide the power system operator with 
access to generation on a sub-hourly basis, subject to 
generator economics. If electricity demand is increas¬ 
ing, generating units that have offered to increment 
their output can be chosen to do so, based on genera¬ 
tion price bids. In some regions (e.g., much of the 
Western portion of the United States) energy markets 
are based more on bilateral contracts (private contracts 
between any two parties on their own terms for their 
own reasons), and operate on hourly time steps across 
balancing areas that are sometimes only weakly 
interconnected. Hourly scheduling and dispatch 
restricts access to the physically available generation, 
which may be capable of responding but cannot be 
accessed by the power system operator. Generators 
that may be physically capable of responding, but that 
are not economic, will not be called upon in favor of 
other less expensive generation. 

Well-functioning markets provide for economically 
efficient exchanges between buyers and sellers, with 
transparent information available for all parties. Eco¬ 
nomic efficiency is attained when markets provide the 
goods and services that are most desired by consumers 
and society, at lowest possible cost. Markets can also 
help efficiently integrate wind energy [ 1 ]. 

In some market areas there are ancillary pro¬ 
ducts that are also exchanged. These can include 


capacity markets, and various types of reserve prod¬ 
ucts, such as grid-synchronized fast response reserves, 
nonsynchronized slow response, contingency reserves, 
and regulating reserves. The terminology in Europe 
differs from that in the United States, but the general 
properties are similar. 

In addition to providing an institutional mecha¬ 
nism to tap into existing energy supplies or ancillary 
services, markets provide signals to investors about 
relative scarcity and value. In perfectly competitive 
markets, these prices and all other information are 
fully transparent, and investment occurs in an econom¬ 
ically efficient manner. If wholesale electricity markets 
function in this way, prices would induce developers to 
ensure that appropriate generating resources and trans¬ 
mission are available at future dates when needed. 
Typically, the relatively small number of sellers results 
in varying degrees of imperfect competition in whole¬ 
sale electricity markets, resulting in at least some loss of 
economic efficiency. When energy markets are unable 
to provide sufficient generation capability to provide 
needed services such as ramping or minimum genera¬ 
tion levels that may be needed to complement wind 
energy at high penetrations, other supplementary mar¬ 
kets may need to be developed. 

Wind Energy and Energy Markets in the United 
States 

There are seven regional transmission organizations 
(RTOs) and independent system operators (ISOs) 
managing parts of the electric grid in the United States - 
PJM Interconnection (PJM), Midwest ISO, New York 
ISO (NYISO), ISO New England (ISO-NE), California 
ISO (CAISO), Electric Reliability Council of Texas 
(ERCOT), and the Southwest Power Pool (SPP). 
These entities operate the grid for approximately 65% 
of total US electricity demand [2] . PJM, the NYISO, the 
CAISO, the Midwest ISO, and ISO-NE, all operate 
wholesale energy markets, based on location-specific 
prices know as locational marginal prices (LMPs) that 
are for both day-ahead and real-time markets, with 
generation dispatched in real time at 5-min intervals. 
SPP and ERCOT are currently in the process of 
implementing LMP-based markets with plans to have 
fully functioning wholesale markets in place within the 
next few years. Three of the RTOs/ISOs (PJM, NYISO, 
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ISO-NE) also administer capacity markets or capacity 
auctions. Another ISO, the Midwest ISO, conducts 
a residual capacity auction where load-serving entities 
(LSEs) can make up shortfalls. The vast majority of 
capacity however, is obtained via bilateral contracts 
and the Midwest ISO’s auctions are not used to any 
significant extent. 

Other regions, particularly the West and Southeast, 
are not in RTOs nor do they have RTO-administered 
energy or capacity markets. Instead, they have hourly 
bilateral markets and utilities are responsible for meet¬ 
ing their own capacity obligations. Wind energy gener¬ 
ation is variable and uncertain, and therefore not 
dispatchable in the traditional sense like conventional 
generation has been operated. In non-RTO markets, 
any variations in output from day-ahead schedules 
and real-time output are subject to the energy imbal¬ 
ance provisions of Order 890 that was issued by the 
Federal Energy Regulatory Commission (FERC) in 
2007. Imbalances are differences between the scheduled 
and actual flows from generators or to loads. Imbal¬ 
ances of less than or equal to 1.5% of scheduled energy, 
or up to 2 MW (whichever is greater), would be netted 
monthly and settled at the power system operator’s 
incremental or decremental costs. Imbalances of 
between 1.5% and 7.5% of schedule energy, or between 
2 and 10 MW (whichever is larger), would be settled at 
90% of decremental costs and 110% of incremental 
costs. ISO and RTOs have different methods of han¬ 
dling energy imbalances from wind power - these are 
outlined in Table 1. 

As wind penetration increases, some power system 
operators are taking steps to more actively incorporate 
wind in their dispatch. The NYISO, for instance, has 
integrated wind plants into its economic dispatch system 
and treats wind resources like all other generation. In the 
NYISO markets, generators indicate their willingness to 
redispatch through their economic offers. Wind facili¬ 
ties, like all generators, are required to submit economic 
price curves into the real-time market, due 75 min before 
each operating hour (optional for day-ahead market). 
The wind energy price curves consist of price-quantity 
pairs that indicate the LMPs at which each wind facility 
is willing to operate. The price curve can include up to 11 
price-quantity pairs, which can be changed with each 
bid, and can also include negative prices. Wind facilities 
that receive a production tax credit (PTC) maybe willing 


Wind Power: Economy, Market, Subsidies, Payment 
Mechanisms, and Capacity Credit. Table 1 Energy 
imbalance settlement 


Entity 

Imbalance settlement 

PJM 

For wind resources that are self-scheduled, 
operating reserve deviation charges apply on 
differential between day-ahead and real-time 
levels exceeding a dead band; differentials 
less than 5% or 5 MW incur no deviation 
charges. Wind resources that are not self- 
scheduled are assessed deviation charges 
based on how closely they follow PJM 
dispatch signals. 

NYISO 

If scheduling day-ahead, buy out shortfalls at 
real-time LMPs. Up to 3,300 MW exempt from 
under-generation penalties during 
unconstrained operations. 

ISO-NE 

If scheduling day-ahead, deviations are 
settled at real-time LMP. 

Midwest 

ISO 

Settled at real-time price with no deviation 
penalties. 

SPP 

Wind is not subject to uninstructed deviation 
charges. 

CAISO 

If participating in wind forecasting, then 
hourly deviations are accumulated for 
monthly average of energy imbalances and 
settled at a monthly weighted market¬ 
clearing price and. If not participating in wind 
forecasting, then subject to 10-min 
imbalance energy charges. 

ERCOT 

Any imbalances are settled at zonal market 
clearing prices. No take back of payment for 
over generation if within ±50% of scheduled 
capacity. Wind-only scheduling entities are 
exempt from deviation charges. 


Source: Utility Wind Interest Group. Wind power and electricity 
markets. August 2009. http://www.uwig.org/WindinMarkets 
TableSept09.pdf 


to continue providing energy even when wholesale prices 
drop below zero because payments such as the PTC are 
received by wind plants any time they produce energy; 
thus, the wind plant can earn revenue when price is 
negative as long as price exceeds the negative of the 
PTC. The NYISO’s Security Constrained Economic Dis¬ 
patch software (SCED) recognizes that wind facilities 
cannot increase production on demand, and therefore, 
the offers from wind plants are taken as the prices below 
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which each wind facility no longer wishes to produce 
energy. The NYISO has also implemented a centralized 
wind forecasting system. All wind plants must meet the 
technical requirements for participating in wind fore¬ 
casts and are required to provide NYSIO with meteoro¬ 
logical data. The wind forecasts are used to determine 
day-ahead generator commitments and are integrated 
into the SCED. The NYISO evaluates all generator offers, 
the wind forecast, and the load forecast to produce 
a least-cost dispatch solution every 5 min, then sends 
automatic dispatch signals to all generators. 

Wind resources in PJM, ISO-NE, and the Midwest 
ISO can submit bid curves into the day-ahead and real¬ 
time markets. 

1. In PJM, if a wind facility has cleared as a capacity 
resource through the forward capacity market the 
facility must offer into the day-ahead market. In 
early 2009, PJM reprogrammed its dispatch soft¬ 
ware to allow for negative price offers and 
implemented a centralized wind forecasting system 
with plans to integrate the forecasts into their mar¬ 
ket operations. 

2. In the Midwest ISO, if a wind facility has a capacity 
obligation it must offer or self-schedule into the 
day-ahead market. The Midwest ISO has 
a centralized wind forecasting system that is used 
for reliability, outage coordination, and analysis, 
but not for market operations. 

3. In ISO-NE wind facilities that have cleared as 
a capacity resource in the forward capacity market 
must bid or self-schedule into the real-time market. 
ISO-NE does not currently utilize wind forecasting. 

Noncapacity designated wind facilities participat¬ 
ing only in the real-time markets receive real-time LMP 
for the energy provided. Wind plants that do not qual¬ 
ify or do not want to receive capacity payments do not 
participate in the day-ahead market. Instead, they 
accept payment based on the LMP clearing price for 
each market interval. 

CAISO implemented day-ahead and real-time mar¬ 
kets in 2009 but wind facilities are still considered price 
takers, which can if they wish, sell energy into the real¬ 
time markets at real-time LMP. SPP and ERCOT are in 
the process of creating wholesale LMP-based markets 
but at current, energy transactions are conducted bilat¬ 
erally by the relevant entities. CAISO and ERCOT both 


have centralized wind forecasting systems while SPP 
requires balancing authorities or wind generators to 
provide forecasts. How energy from wind facilities is 
treated in CAISO, SPP, and ERCOT may change in the 
future as their wholesale electricity markets evolve. 

Because wind energy has a near-zero marginal cost, 
it is nearly always economically efficient to accommo¬ 
date the wind energy whenever it is available, backing 
down other generation sources that require fuel. We 
note that exceptions may exist in cases that involve 
a constrained transmission interface that causes wind 
to be curtailed. Curtailment need not be for the full 
amount of wind generation during the critical time 
period. Energy prices in the market are often set by 
the cost to generate one additional MWh of energy, and 
can vary by location depending on grid congestion, 
load, wind, and mix of other generation. At high 
wind energy penetrations, the energy price tends to 
be driven down (as it would be with the addition of 
any low-marginal-cost energy provider such as 
nuclear), reducing the output, and therefore the annual 
capacity factors, of conventional generators. This can 
reduce the realized revenue stream, and depending on 
the level of load and wind, energy prices can be very low 
or even negative in extreme cases. It is unclear whether 
the resulting price volatility will induce economically 
efficient levels of different types of generation in the 
long run. This is a general concern with electricity 
pricing issues and not unique to wind. 

Wind Energy and Energy Markets in Europe 

Just as in the North America, there is a great deal of 
diversity in the structural details of European electricity 
markets with some reasonably consistent characteris¬ 
tics. Day-ahead markets are working in most countries. 
Intra-day hourly markets exist in some countries. 
Fifteen-minute balancing markets exist in a few coun¬ 
tries. While half of the US load is served in regions with 
5-min markets, no 5-min markets exist in Europe. The 
European Network of Transmission System Operators 
for Electricity (ENTSO-E) is working to harmonize 
markets throughout Europe with long-term, day- 
ahead, intra-day and balancing markets. The ENTSO- 
E took over all operational tasks of the six existing TSO 
associations in Europe in July 2009 and now encom¬ 
passes 42 TSOs from 34 countries [3]. 
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Comparing North American and European power 
systems, or discussing them in the same paper, is com¬ 
plicated by differences in the terminology used in each 
location. “Regulation” in North America, for example, 
refers to the minute-to-minute balancing ancillary ser¬ 
vice that is procured through hourly markets in ISO/ 
RTO regions and obtained from dedicated generation 
capacity in all regions. In Europe, Transmission System 
Operators (TSOs) operate hourly energy markets that 
are often referred to as “regulation” balancing markets. 
North American “regulation” is obtained from second¬ 
ary reserves in Europe. Secondary reserves (centralized 
power system operator control of generation through 
automatic generator control) are typically obtained 
through mandatory requirements in Europe rather 
than through day-ahead hourly regulation markets as 
is done in much of North America. Wind “regulation” 
requirements and costs in European studies typically 
refer to intra-day energy scheduling costs. Wind advo¬ 
cates in Europe recognize the benefits of shorter gate 
closure times, faster market clearing, and larger geo¬ 
graphic market scope, and are encouraging market 
harmonization [4]. 

The Nordic countries, Germany, France, and the 
Netherlands provide an example of typical European 
electricity markets structure. As in North America, 
a series of markets clear successively as real time is 
approached [5]: 

1. Bilateral over the counter electricity trading: trad¬ 
ing takes place between individuals outside of the 
public markets. 

2. Day-ahead hourly market (spot market), which 
close between 10 am and noon of the day-ahead. 

3. Intra-day hourly market is another hourly market 
that operates within the day. Markets typically clear 
2 h ahead (75 min ahead in Germany). Some coun¬ 
tries have 2-h intervals rather than hourly. 

4. Intra-hour market(s). This is in fact two linked 
markets operating at 15-min intervals. The TSO 
acts as the sole buyer in the first and the sole seller 
in the second and facilitates the sub-hourly 
transactions. 

(a) “Regulating power market” (RPM). A real¬ 
time market for the TSO to purchase energy 
to counter imbalances from the day-ahead 
schedules. Both generators and loads can be 


sold into the market. Typically, all suppliers 
get the market clearing price but in Denmark 
each supplier gets its bid price. Settlements are 
typically determined after the fact. 

(b) “Balancing market.” A real-time market that is 
linked to the RPM. The TSO is the sole supplier 
in this market and both generators and loads 
are price takers to settle imbalances from day- 
ahead schedules. 

In Denmark, the RMP is subdivided according to 
the different service response times (secondary and 
tertiary reserves). In the Netherlands, TenneT (the 
TSO) contracts annually for reserves and obtains 
15 min balancing energy (regulating power) through 
least-cost bids. Spain assigns primary reserve require¬ 
ments to all generators and can adjust the amount 
annually. Secondary reserves are obtained day-ahead 
through a bidding process. Tertiary reserves are 
obtained through 15 min energy scheduling. In Bel¬ 
gium, the Access Responsible Parties are responsible for 
balancing portfolios in the day-ahead and hourly time 
frame. The TSO is responsible for balancing the aggre¬ 
gate system with secondary and tertiary reserves [6]. 

Cross-border trading typically has, depending on 
applied methods, less scheduling flexibility than that 
provided by within-country markets, effectively limit¬ 
ing wind and load aggregation benefits. An exception is 
in the Nordic market in Northern Europe where there 
is a common regulating market between four countries 
where the cheapest bids in the four countries is used if 
there is physical room on the transmission. This means, 
for example, that wind power changes within 15 min in 
Denmark can be balanced in Finland if the cheapest bid 
is in Finland and there is transmission capacity avail¬ 
able through Sweden. 

There are also differences in how wind is treated 
within each national market. Wind is outside the 
markets in France, which uses a feed-in tariff. In 
Germany, the four TSOs are required to convert vari¬ 
able wind into flat profiles equal to the long-term 
average wind generation. Wind is balanced as a sepa¬ 
rate balancing group. The costs for balancing wind are 
socialized in Germany. Wind plants in the Netherlands 
are always combined with other loads and generation 
as a part of a balanced portfolio from a Program 
Responsible Party. 
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Wind Energy and Capacity Markets 

It is common practice in the electric power industry to 
maintain additional generating capacity (or to be able 
to call upon customers to reduce demand) to ensure 
that demand for electricity is met in case demand is 
higher than expected, or a generating or transmission 
project is unexpectedly out of service. Such additional 
generating capacity or demand reduction capability is 
collectively known as reserve capacity. How much more 
reserve capacity is maintained varies by power system 
operator, but 10-15% is a common rule of thumb for 
planning reserves, whereas lesser amounts are used in 
the operation time frame. 

Reserve requirements are managed differently 
throughout the United States, whereas Europe gener¬ 
ally does not have capacity markets. In some cases, 
a state regulatory entity or regional reliability entity 
sets the reserve requirement and utilities are responsi¬ 
ble for meeting that requirement through their own 
generating or demand resources, or through bilateral 
contracts with other utilities, generators, power mar¬ 
keters, or demand response providers. In the north¬ 
eastern United States (but not including New York), 
annual capacity auctions are deployed to solicit needed 
capacity 3 years in advance of identified need, with 
incremental auctions if additional capacity is needed. 
The following are some examples of how reserve capac¬ 
ity is acquired: 

1. California ISO 

California is an example of a jurisdiction that 
requires load-serving entities (LSEs) to self-supply 
capacity through with their own generation owner¬ 
ship of facilities or through bilateral contracts. The 
California Public Utilities Commission (CPUC), 
along with the California ISO, sets an annual 
reserve requirement and also a forward resource 
adequacy requirement for the next operating year. 
LSEs must demonstrate they have sufficient capac¬ 
ity reserves 1 year in advance. Historical wind gen¬ 
eration during the peak period is used to determine 
wind’s contribution to resource adequacy. 

2. New York ISO 

The New York ISO (NYISO) is an example of 
a jurisdiction that provides a capacity market which 
acts as a backstop procurement mechanism in addi¬ 
tion to generation ownership by LSEs and bilateral 


contracting. The majority of LSEs opt to procure 
capacity outside the centralized ISO market. The 
NYISO capacity requirement also includes 
a locational element, and LSEs are required to 
make up capacity shortfalls for each zone through 
purchases in the twice-yearly backstop capacity 
auctions. New York uses historical wind production 
data and reliability-based techniques to assess 
wind’s contribution to resource adequacy. 

3. PJM Interconnection and ISO New England 

PJM and ISO New England (ISO-NE) adminis¬ 
ter energy markets and have both implemented 
3-year forward capacity requirements through cen¬ 
tralized forward markets. LSEs are required to 
obtain adequate capacity to meet reserve require¬ 
ments 3 years in advance through the forward 
capacity markets. LSEs can opt to self-supply capac¬ 
ity through ownership or bilateral contracts for 
capacity via a special arrangement, but must com¬ 
mit to doing so for a set period. The vast majority of 
LSEs opt to obtain capacity through the forward 
markets. Under the PJM’s Reliability Pricing Model 
(RPM) capacity market and the ISO-NE’s Forward 
Capacity Market (FCM), auctions are held 3 years 
in advance of the delivery year, with supplemental 
annual incremental auctions where LSEs can pur¬ 
chase capacity to make up shortfalls or sell excess 
reserves. Wind facilities can bid their capacity into 
the PJM and ISO-NE capacity auctions and receive 
the per-MW market clearing price. Prices for capac¬ 
ity can vary greatly from region to region and from 
auction to auction. Table 2 shows the capacity 
prices for the four major zones for PJMs base-year 
RPM auctions that have been held as of May 2010. 

PJM partitions the region into zones based 
on individual utility territories (see Fig. 1 for the 
2012/2013 zonal results) and calculates the capacity 
reserve requirements by zone. The zonal capacity 
price differentials are mainly due to transmission 
capacity constraints. Depending on where the con¬ 
straints are located, the zonal groupings can vary 
from auction to auction. For example, in the 2012/ 
2013 auction, DPLS was a constrained utility area 
and received an individual zonal clearing price, 
while in other auctions the price has been the 
same as in EMAAC. The majority of the low-cost 
generation capacity is located within RTO MCP 
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Wind Power: Economy, Market, Subsidies, Payment Mechanisms, and Capacity Credit. Table 2 Capacity prices for 
PJMs base-year RPM auctions (as of May 2010) 


Delivery year 

RTO 

MAAC 

SWMAAC 

EMAAC 

June 2007-May 2008 

$40.80/MW-day 

$40.80/MW-day 

$188.54/MW-day 

$197.67/MW-day 

June 2008-May 2009 

$111.92 

$111.92 

$148.80 

$210.11 

June 2009-May 2010 

$102.04 

$191.32 

$191.32 

$237.33 

June 2010-May 2011 

$174.29 

$174.29 

$174.29 

$174.29 

June 2011-May 2012 

$110.00 

$110.00 

$110.00 

$110.00 

June 2012-May 2013 

$16.46 

$133.37 

$133.37 

$139.73 

June 2013-May 2014 

$27.73 

$226.15 

$226.15 

$245.00 



Wind Power: Economy, Market, Subsidies, Payment Mechanisms, and Capacity Credit. Figure 1 

PJM RPM auction zones and clearing prices for 2012/2013 auction (Source: PJM 2012/2013 BRA clearing price map. 
May 27, 2009) 


zone, while the majority of PJM load is in the east. 
PJM reported that 323 MW of wind capacity cleared 
in the 2012/2013 auction, representing 13% of 
PJM’s total nameplate wind capacity. PJM sets 
a wind capacity factor limit at 13% of nameplate 
unless a wind facility can provide historical date 
proving a higher capacity factor is warranted. 
PJM’s 13% capacity factor limit for wind plants 
that do not yet have historical experience is based 


on PJM analysis of PJM’s past experience with wind 
at that time. Therefore, wind facilities can only bid 
13% of nameplate capacity into the RPM markets. 

The ISO-NE FCM contains two zones, Maine and 
Rest of Pool, and has held three auctions as of the end of 
2009. These auctions all yielded the same clearing price 
for both zones. The clearing prices and the amount of 
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wind capacity that cleared in each FCM auction are 
outlined in Table 3. We note that ISO-NE reports 
clearing prices in kW-months (the price of a kW of 
generation or demand response capacity available for 
a month). The table therefore contains approximate 
conversions to MW-days (the price of a MW of gener¬ 
ation or demand response capacity available for a day). 

Wind Energy Tax Credits 

Several tax incentives have served to boost utility-scale 
wind energy development in the United States. This 
discussion focuses on wind energy but the tax credits 
detailed here were/are also available for other eligible 
resources. Investment tax credits (ITCs) were the first 
federally enacted incentive utilized for promoting wind 
energy development. The ITC for wind was introduced 
in the Energy Tax Act of 1978, and provided a 10% 
federal tax credit on new investment in wind genera¬ 
tion technologies. ITCs are tax credits equal to 
a percentage of the value of qualifying tangible, depre¬ 
ciable property. Such credits directly offset the 
investing taxpayer’s federal income tax liability and 
are claimed on the tax return for the year a wind tur¬ 
bine and related equipment is first placed in service. In 
1981, Congress shortened the depreciation period for 
wind technologies from 18 years to 5 years (which are 
still in effect today). Combined with state incentives 
and favorable power purchase rates, the ITC and the 
accelerated depreciation helped kick-start the modern 
wind industry, particularly in California. Total installed 
wind capacity increased from 10 MW in 1981 to 
1,039 NW in 1985. However, the ITC expired in 1985, 
and a sharp decrease in fossil fuel prices in 1986 led to 


Wind Power: Economy, Market, Subsidies, Payment 
Mechanisms, and Capacity Credit. Table 3 Clearing 
prices and wind capacity in FCM auctions 


Delivery year 

Capacity clearing 
price 

Wind capacity 
(MW) 

June 2010-May 
2011 

$148/MW-day a 

10 

June 2011-May 
2012 

$118 

81 

June 2012-May 
2013 

$97 

93 


a drop in power purchase prices to levels that were 
uneconomic for new wind projects. As a result, and 
after installing over 1,000 MW in 5 years, US wind 
capacity installations plummeted, with only 500 MW 
of wind capacity installed between 1987 and 1998. 

The wind industry received a new tax incentive 
when Congress approved a PTC as part of the Energy 
Policy Act of 1992. The PTC is tied to energy produc¬ 
tion and provides a per-kWh tax credit for energy 
produced from a qualifying renewable facility. The 
PTC is currently (2010) set at 2.1<tVkWh over the first 
10 years of operation for wind energy and is adjusted 
annually for inflation. The PTC has been renewed 
several times and was allowed to lapse a few times. 
The latest renewal was in 2009 as part of the American 
Recovery and Reinvestment Act (ARRA) for wind pro¬ 
jects that go into service by the end of 2012. Table 4 
shows the history and duration of the PTC. 

The ARRA also extended a 50% depreciation bonus 
that was first made available in 2008, which allows 
a project developer to deduct half the cost of a project 
when it is first placed in service. This depreciation 
bonus is a limited-time offer available only for projects 
completed and placed in-service by the end of 2009. 

The availability (or lack thereof) of tax credits 
has affected US wind project development over the 
last 3 decades. Wind energy development activity 
seems to correlate with the availability of the ITC 
in the early 1980s and the PTC, which lapsed in 
2002 and 2004 (see Fig. 2). 

In addition to extending the PTC through 2012, the 
ARRA also created an option to choose an Investment 
Tax Credit (ITC) or a cash grant instead of the PTC. 
PTC-qualified wind facilities can opt to receive a 30% 
ITC in lieu of the PTC but the depreciable basis of 
property must be reduced by half of the ITC amount. 
The cash grant option is available for projects placed in 
service in 2009 or 2010 or that started construction by 
the end of 2010 and are in service by the end of 2012. 
The grant can be up to 30% of the total cost of the 
project and applications must be submitted by October 
1, 2011. The grant is excluded from gross income and, 
as with the ITC, the depreciable basis of the property 
must be reduced by half the amount. On September 1, 
2009, the Treasury and the DOE announced the first 
round of grants in lieu of the PTC/ITC through the 
ARRA was being distributed to two solar projects and 
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Wind Power: Economy, Market, Subsidies, Payment Mechanisms, and Capacity Credit. Table 4 PTC history and 
duration 


Legislation 

Date enacted 

PTC eligibility 
window (for 
wind) 

PTC lapse 
duration 

Effective duration of PTC 
window (considering lapses) 

Energy Policy Act of 1992 

01/24/92 

1994-June 1999 

n/a 

80 months 

Ticket to Work and Work Incentive 
Improvement Act of 1999 

12/19/99 

July 1999-2001 

6 months 

24 months 

Job Creation and Worker Assistance Act 

03/09/02 

2002-2003 

2 months 

22 months 

The Working Families Tax Relief Act 

10/04/04 

2004-2005 

9 months 

15 months 

Energy Policy Act of 2005 

08/08/05 

2006-2007 

None 

24 months 

Tax Relief and Health Care Act of 2006 

12/20/06 

2008 

None 

12 months 

Emergency Economic Stabilization Act 
of 2008 

10/03/08 

2009 

None 

12 months 

American Recovery & Reinvestment Act 
of 2009 

02/13/09 

2010-2012 

None 

36 months 


Source for original table: [2]. Modified to include EESA 2008 and ARRA 2009. 



Wind Power: Economy, Market, Subsidies, Payment Mechanisms, and Capacity Credit. Figure 2 
Wind development and the PTC [11] 
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(TGC) market. Other policy instruments, such as ten¬ 
der schemes, are no longer used as the main policy 
scheme in any European country. However, there are 
instruments, such as production tax incentives and 
investment incentives, which are frequently used as 
supplementary instruments [4]. FIT rates range from 


ten wind projects. Table 5 shows the amounts that were 
awarded to wind projects. 

As shown in Table 6, European countries favor two 
mechanisms to facilitate renewable generation: the 
feed-in tariff (FIT) system and quota regulation in 
combination with a Tradable Green Certificates 
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Wind Power: Economy, Market, Subsidies, Payment 
Mechanisms, and Capacity Credit. Table 5 ARRA wind 
project grants 


Wind project awards 

Location 

Amount 

Evergreen Wind 

Power V, LLC 

Danforth, Maine 

$40,441,471 

Moraine II Wind Farm 

Woodstock, 

Minnesota 

$28,019,520 

Canadaigua Power 
Partners, LLC 

Cohocton, 

New York 

$52,352,334 

Canadaigua Power 
Partners II, LLC 

Cohocton, 

New York 

$22,296,494 

Wheat Field Wind 

Farm 

Arlington, 

Oregon 

$47,717,155 

Hay Canyon Wind 

Farm 

Moro, Oregon 

$47,092,555 

Pebble Springs Wind 
Farm 

Arlington, 

Oregon 

$46,543,219 

Highland Wind Farm 

Salix, 

Pennsylvania 

$42,204,562 

Locust Ridge II, LLC 

Shenandoah, 

Pennsylvania 

$59,162,064 

Penascal Wind Farm 

Sarita, Texas 

$114,071,646 

Total awarded to wind plants 

$499,901,020 


Source: DOE Press Release. Treasury, Energy Announce $500 Million 
in Awards for Clean Energy Projects. September 1, 2009. http:// 
www.energy.gov/news2009/7851 .htm 


€52 to €114/MWh for on shore wind plants and up to 
€130/MWh for off shore. 

Green Power Markets 

Green power markets can be classified as compliance 
and voluntary market. Compliance markets exist 
because of policy decisions, primarily state Renewable 
Portfolio Standards (RPS) that require electric service 
providers within the state to have a minimum amount 
of renewable energy in their electricity supply. RPSs also 
often define the specific types of renewable resources 
that are eligible for RPS compliance and include set- 
asides that direct suppliers to obtain a portion from 
a specific resource, most often solar power. For example, 
suppliers in New Jersey must meet a portion of their RPS 
from in-state solar generation; thus there is an internal 


Wind Power: Economy, Market, Subsidies, Payment 
Mechanisms, and Capacity Credit. Table 6 Primary wind 
mechanisms in Europe 


Primary mechanism for 
wind 

European countries 

Feed-in tariffs 

Austria, Cyprus, Czech 

Republic, Estonia, France, 
Germany, Greece, Hungary, 
Ireland, Latvia, Lithuania, 
Luxembourg, Portugal, 
Slovakia, Slovenia, Spain, 
Switzerland 

Quota obligation with 
TGC 

Belgium, Italy, Poland, 

Romania, Sweden 

Investment subsidies 
and tax incentives 

Finland, Malta 

Other 

Bulgaria: mandatory purchase 
obligation 


Denmark: market price 
premium for on-shore and 
tendering system for off-shore 


The Netherlands - premium 
price tariff 


New Jersey solar Renewable Energy Credit (REC) mar¬ 
ket for RPS purposes. 

Voluntary markets are consumer driven and allow 
consumers to choose to do more than policy decisions 
require, that is, voluntarily purchase green power or 
RECs above and beyond their particular utilities RPS 
requirements. Voluntary consumer decisions to buy 
electricity supplied from renewable energy sources rep¬ 
resent a powerful market support mechanism for 
renewable energy development. While the compliance 
market represents a larger portion of renewable energy 
and REC sales, the voluntary market helps develop 
nationwide renewable energy capacity that exceeds 
what mandatory markets contribute alone (see Fig. 3). 

In the early 1990s, a small number of US utilities 
began offering “green power” options to their cus¬ 
tomers. Since then, these products have become more 
prevalent, both from traditional utilities and from 
renewable energy marketers operating in states that 
have introduced competition into their retail electricity 
markets or are offering RECs online. Today, more than 
half of all US electricity customers have an option to 
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Wind Power: Economy, Market, Subsidies, Payment Mechanisms, and Capacity Credit. Figure 3 

Historic and projected demand for renewable energy [12] 


voluntarily purchase some type of green power product 
directly from a retail electricity provider, while all con¬ 
sumers have the option to purchase RECs. 

More than 850 utilities, or about 25% of utilities 
nationally in the United States, offer some type of green 
power programs to customers. These programs allow 
customers to purchase a green power product, which 
can include receiving some portion of their power 
supply as renewable energy (almost always at a higher 
price), offset a portion of their power supply with 
RECs, or contribute funds for the utility to invest in 
renewable energy development. The term “green 
power” generally refers to electricity supplied in 
whole or in part from renewable energy sources, such 
as wind and solar power, geothermal, hydropower 
(typically low-impact or small hydro), and various 
forms of biomass. Many utilities or alternative energy 
suppliers often do have access to local renewable energy 
resources but will offer a bundled green power product 
to consumers. A bundled green power product consists 
of the local electricity supply resource bundled with 
supplier purchased RECs. 

In states with competitive (or restructured) retail 
electricity markets, electricity customers can buy elec¬ 
tricity generated from renewable sources or bundled 
with RECs, by switching to an alternative electricity 
supplier that offers a green power product. In some of 


these states, default utility electricity suppliers offer 
green power product options to their customers in 
conjunction with competitive green power marketers 
that do not require customers to switch. Nearly a dozen 
states that have opened their markets to retail compe¬ 
tition have experienced some green power marketing 
activity. 

Finally, regardless of whether they have access to 
a green power product from their retail power provider, 
any consumer can purchase green power by buying 
RECs in the voluntary markets, which represent the 
“environmental attributes” of electricity generated 
from renewable energy-based projects. This provides 
a way for consumers to support renewable energy 
development (through REC purchases) without having 
to switch to an alternative electricity supplier. Today, 
several dozen companies actively market RECs to res¬ 
idential or business customers throughout the United 
States. Many REC marketers also sell greenhouse gas 
emissions offsets sourced from renewable energy 
projects. 

In 2008, approximately one million consumers and 
businesses purchased more than 24 billion kilowatt- 
hours (kWh) worth of green power products from 
their power suppliers or in the form of RECs (0.6% of 
total US 2008 electricity consumption). Of the total 
green power purchased, 71% was supplied from wind 
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energy, followed by biomass energy sources, including 
landfill gas (17%); hydropower (primarily low impact 
or small hydro) (9%); geothermal (2%); and solar 
(<1%). At the end of 2008, kilowatt-hour sales of 
renewable energy in voluntary markets represented 
a generating capacity equivalent of about 7,300 MW 
of renewable energy sources (1% of the peak US 2008 
demand). The estimated market value of green power 
product sales in 2008 is between $110 and $190 million. 

Green power product purchases have grown 
steadily in recent years, although preliminary data for 
2009 suggest a slowing in the market presumably due to 
the economic downturn. In 2008, purchases increased 
by 34% (in kilowatt-hours) from the previous year, 
with annual average growth of 41% since 2004 
(Table 7). REC purchases, primarily by businesses and 
institutional customers, have been driving much of the 
market growth, increasing 47% in 2008. 

Purchases by nonresidential customers have 
outpaced those by residential consumers in recent 
years, with businesses and organizations now 
representing more than three-quarters of all green 
power product purchases. According to the US Environ¬ 
mental Protection Agency’s Green Power Partnership, 
a program that works with businesses and organizations 
that purchase green power, some of the leading pur¬ 
chasers of green power, mainly in the form of RECs, in 
the United States include Intel, Kohl’s, PepsiCo, Whole 
Foods, the City of Houston, and Dell. EPA maintains 
a list of the top purchasers on its Web site. 


While full market data are not yet available for 
2009, the EPA Green Power Partnership saw its partner 
purchases increase by 5% in 2009. This represents con¬ 
siderable slowing in partner purchases compared to the 
increases of 44% and 68% during the two previous 
years. Therefore, the economy is likely having some 
dampening effect on the market. In contrast, EPA also 
reported that it had about 300 companies or organiza¬ 
tions join its Green Power Partnership in 2009, a large 
number based on historic standards, bringing the total 
Partners to 1,200. 

Although renewable energy policies are now 
increasingly driving renewable energy development, 
voluntary markets can continue to play a role going 
forward. Today, more than half of US states have 
renewable energy standards requiring utilities or 
power suppliers to obtain a certain fraction of their 
generation from renewable sources (e.g., 20% renew¬ 
able by 2020). However, consumers who want to pur¬ 
chase a greater share of renewable energy (100%) or 
support technologies that might not be incentivized by 
policies may want to continue to participate in these 
markets and support the development of new renew¬ 
able energy resources. 

Capacity Credit 

Power system planners work to ensure that sufficient 
generating capacity is installed to meet projected 
demand for electricity. Although in some cases this 


Wind Power: Economy, Market, Subsidies, Payment Mechanisms, and Capacity Credit. Table 7 Estimated annual 
green power purchases by market sector, 2005-2008 a 



(Millions of kWh) 

Market sector 

2005 

2006 

2007 

2008 

% Change 
2004/2005 

% Change 
2005/2006 

% Change 
2006/2007 

% Change 
2007/2008 

Utility green pricing 

2,500 

3,400 

4,300 

4,800 

33% 

39% 

25% 

12% 

Competitive 

markets 

2,200 

1,700 b 

3,200 

3,900 

-19% 

—20% b 

88% b 

22% 

REC markets 0 

3,900 

6,800 

10,600 

15,600 

126% 

75% 

55% 

47% 

Retail total 

8,500 

11,900 

18,100 

24,300 

37% 

41% 

53% 

34% 


includes sales of new and existing renewable energy. Totals and growth rates may not calculate due to rounding. 
b 2006 sales figures may be underestimated because of data gaps, 
includes only RECs sold to end-use customers separate from electricity. 
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function is performed by markets, the fundamental 
issue of acquiring or otherwise procuring capacity is 
important to ensure long-term generation resource 
adequacy. To assess resource adequacy, a reliability- 
based analysis is usually performed that utilizes the 
forecast load demand, along with the generation fleets’ 
reliability characteristics to determine whether there 
are sufficient generation resources at some future 
date. This typically uses probabilistic analysis so that 
the risk of having insufficient generation can be quan¬ 
tified. What is important is the overall system assess¬ 
ment, but it is often useful to assess the contribution 
that any individual power plant, or group of plants, 
makes toward overall resource adequacy. This contri¬ 
bution is known as the capacity credit, or capacity 
value, of the resource, and is typically measured either 
in MW of capacity or as a percentage of the rated 
capacity of the plant. 

Calculating the capacity contribution of wind 
power plants requires detailed load data, data for the 
balance of generation, and wind production estimates, 
hourly or daily, that are time-synchronized with the 
load. The capacity value as measured by effective load¬ 
carrying capability is based on a reliability metric such 
as loss of load expectation (LOLE), which is often 
measured in units of days/year. A common reliability 
target is an LOLE of 0.1 day/year, orl-day-in-10-years, 


and is illustrated in the following figure as the area 
(magnified) under the left tail of the probability distri¬ 
bution in Fig. 4. 

The basic principle underlying capacity value, 
called effective load-carrying capability (ELCC), is 
that the generation system should achieve the same 
reliability with wind as it does without wind. Using 
the above figure as an example, the generation fleet 
without the wind plant has an LOLE of 0.1 day/year. 
When the wind generation is added, the curve shifts to 
the right, indicating a high level of planning reserve 
during many, but not all, hours. This shift causes 
a reduction in the area under the curve, which was 
originally at 0.1 day/year, but is now less than that. To 
bring the system reliability back to its original value, 
the loads are increased incrementally until the area 
under the left tail of the curve is restored to its original 
value of 0.1 day/year. The amount of load increase that 
holds reliability constant is the ELCC of the wind plant. 

The portfolio of generation needed to complement 
wind, especially at high penetration rates, is different 
than without wind. Typical capacity values for wind 
plants range from 5% to 40% of nameplate capacity, 
depending on the wind characteristics and correlation 
with load (values outside this range are possible, 
although somewhat unlikely). A conventional power 
plant can have an ELCC in the range of 50-95%, 
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Common reliability target: An LOLE of 0.1 day/year, or 1-day-in-10-years 
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whereas wind plants are significantly below this. 
Because of this, wind is primarily an energy resource 
that has limited capacity value. This implies that the 
generation portfolio that complements a high wind 
penetration scenario will need to provide a higher 
ratio of ELCC per unit of energy than would be the 
case without wind. For example, with a high wind 
penetration, instead of requiring a baseload capacity 
penetration of 50% of the peak demand (example 
only), the ratio of baseload generation would decline, 
and some baseload generation would be replaced by 
cycling generation with faster ramp rates (MW/min) 
and lower turndown levels (minimum sustained 
generation level, in MW). 

Wind Integration Costs 

Over the last several years, various entities have 
conducted wind integration studies in an effort to 
assess what is needed to accommodate larger amounts 
of wind energy on the electric grid, and how much this 
might cost. Integration studies generally simulate 
power systems under a certain penetration of wind 
energy and evaluate the impacts on the grid and esti¬ 
mate the incremental operating costs incurred due to 
the added variability and uncertainty of wind energy. 

Two general approaches have been employed to 
determine wind integration impacts in the United 
States. The first approach estimates the cost of 
increased operating reserves in the regulation, load¬ 
following and unit commitment time frames that are 
required to balance the increased net load variability 
introduced by wind generation. These studies generally 
focus on wind’s impact on ancillary services and com¬ 
pare wind with an energy-equivalent flat block of 
energy. The flat block will have no variability or uncer¬ 
tainty associated with it so that the operational differ¬ 
ences can explicitly show the impacts of wind energy. 
Although the flat block is a useful construct because of 
its inherent certainty and constant energy delivery, 
recent work has identified some weaknesses in 
this approach [7]. Because the flat energy block is 
calculated to be energy-equivalent to the wind, large 
inter-day ramps in this artificial benchmark unit can 
occur as a result of significant differences in day-to-day 
production between the wind energy and the flat block. 
This effect can be significant at high wind penetrations. 


In addition, the flat block schedule tends to have more 
on-peak energy and less off-peak energy than wind 
generation. As a result, the daily flat block is worth 
$1.50-$2.00/MWh more than the wind generation, 
and the resulting estimated wind integration costs 
may be overstated. 

The second approach does not directly determine 
the cost of wind integration, but examines the impact 
that wind has on system commitment and dispatch, 
and calculates the net value of wind power between 
a base case and a case (or cases) with wind. The net 
value of wind represents cost savings from wind 
displacing more costly units, minus any additional 
costs that may be incurred from the need for additional 
ancillary services. Using this technique, the wind case is 
compared with that of an identical system without 
wind power, and all impacts are compared and consid¬ 
ered from higher penetrations of wind power. 
Although this does not separate the impacts of wind 
on various levels of reserves, those impacts are captured 
implicitly in the modeling framework and results. 

The technique most often employed is to estimate 
these costs as the difference in overall electric system 
production costs between a base case scenario and one 
that incorporates a certain level of variable and 
unpredictable wind energy penetration. Integration 
costs vary primarily due to the size of the balancing 
area being modeled, the accuracy of the wind forecast¬ 
ing (if used), the use (or not) of sub-hourly scheduling, 
the flexibility of the existing resource fleet, the type of 
ancillary services being employed, and the geographic 
diversity (or lack thereof) of the wind energy. The 
following table (Table 8) lists the main findings of the 
major US wind integration cost studies conducted 
between 2003 and 2007, most of which utilized some 
form of the flat block approach. The average cost of 
integrating wind energy was found to be about $5.00/ 
MWh. Recent work has raised the issue of whether 
existing methods for calculating integration costs are 
indeed measuring these costs accurately, and whether 
there may be integration costs for integrating other gen¬ 
erating technologies that have not been addressed [8] . 

In 2008, the National Renewable Energy Laboratory 
(NREL), under the sponsorship of the U.S. Department 
of Energy, initiated the largest, most ambitious and 
comprehensive regional-level wind power integration 
studies conducted so far, in the United States. 
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Wind Power: Economy, Market, Subsidies, Payment Mechanisms, and Capacity Credit. Table 8 Main results from 


major US wind integration cost studies 




Wind capacity 

Integration cost ($/MWh) 




Date 

Study 

penetration 

Regulation 

Load following 

Unit commitment 

Gas supply 

Total 

2003 

Xcel-UWIG 

3.5% 

0 

0.41 

1.44 

- 

1.85 

2003 

We energies 

29% 

1.02 

0.15 

1.75 

- 

2.92 

2004 

Xcel-MNDOC 

15% 

0.23 

- 

4.37 

- 

4.60 

2005 

PacifiCorp-2004 

11% 

0 

1.48 

3.16 

- 

4.64 

2006 

Calif. (multi-year) a 

4% 

0.45 

Trace 

Trace 

- 

0.45 

2006 

Xcel-PSCo 

15% 

0.20 

- 

3.32 

1.45 

4.97 

2006 

MN-MISO b 

31% 

- 

- 

- 

- 

4.41 

2007 

Puget sound energy 

12% 

- 

- 

- 

- 

6.94 

2007 

Arizona Pub. Service 

15% 

0.37 

2.65 

1.06 

- 

4.08 

2007 

Avista utilities 

30% 

1.43 

4.40 

3.00 

- 

8.84 

2007 

Idaho Power 

20% 

- 

- 

- 

- 

7.92 

2007 

PacifiCorp-2007 

18% 

- 

1.10 

4.00 

- 

5.10 

2008 

Xcel-PSCo c 

20% 

- 

- 

- 

- 

8.56 

Average cost 

5.02 


Source: U.S. Department of Energy, 2008 Wind technologies market report, July 2009. 

Note: not all types of costs were evaluated in all studies. 

Regulation costs represent 3-year average. 
b Highest over 3-year evaluation period. 

c This integration cost reflects a $10/MMBtu natural gas price scenario. This cost is much higher than the integration cost calculated for 
Xcel-PSCo in 2006, in large measure due to the higher natural gas price: had the gas price from the 2006 study been used in the 2008 
study, the integration cost would drop to $5.13/MWh. 


Western Wind and Solar Integration Study (WWSIS) 

The Western Wind and Solar Integration Study 
(WWSIS) [9] examined up to 30% wind and 5% 
solar penetration scenarios in the WestConnect area, 
which includes Wyoming, Colorado, New Mexico, Ari¬ 
zona, and Nevada. This study evaluated system costs 
with and without wind energy, and also examined the 
implication of this high level of variable generation on 
reserves. Wind events occur much more slowly than 
contingency events. However, wind may increase the 
level of flexible reserves (ramping capability) that must 
be available, either as part of the unit commitment 
process or as quick-start capability that can be activated 
as needed. The International Energy Agency Task 25, 
Design of Power Systems with Large Amounts of Wind 
Energy, is examining this issue, as is the National 
Renewable Energy Laboratory in the United States in 


collaboration with University College, Dublin’s Elec¬ 
tricity Research Center. This study did not attempt to 
estimate the integration cost per se of wind or solar, in 
part given the difficulty of properly establishing 
a robust benchmark case (Milligan and Kirby Integra¬ 
tion Cost vs. value paper). However, the study did 
examine the economic impact of balancing area coop¬ 
eration (joint unit commitment and economic dis¬ 
patch) and found that the study footprint would 
experience savings of about $2 billion/year (based on 
$42 billion/year production cost) by utilizing this form 
of cooperation. 

Eastern Wind Integration and Transmission Study 
(EWITS) 

The Eastern Wind Integration and Transmission 
Study (EWITS) study [10] area includes most of the 
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Eastern Interconnection and is examining a 20% wind 
penetration scenario along with a transmission expan¬ 
sion component. The study includes the Midwest ISO, 
PJM, ISO New England, the New York ISO, the South¬ 
west Power Pool, the Tennessee Valley Authority, the 
Mid-Continent Area Power Pool, and various other 
interested parties. 

The EWITS study pushed the state of the art for 
wind integration cost forward. This study found that 
severe inter-day ramps, imposed by the flat-block 
proxy resource (which is only a fictitious benchmark 
unit) significantly distorted production costs. Instead, 
the EWITS approach estimated the cost based on 
adding wind into the system with no additional 
reserves as the “base case,” then determining the delta 
value by adding reserves to cover the additional vari¬ 
ability and uncertainty of wind at the various penetra¬ 
tion rates and geographic dispersion. In 2009 dollars, 
the integration costs ranged from about $3.80 to $5.40/ 
MWh of wind generation. 

Cost Trajectory for Wind Energy Technology 

Historically, the busbar cost of wind energy has 
declined significantly, though it has increased in recent 
years. Although there are a number of factors behind 
this reduction in cost, the primary driver has been the 
adoption of new technologies that allow for lighter 
components and taller towers. This results in the cap¬ 
ture of more energetic winds that tend to be higher 
from the earth’s surface. Today’s typical wind turbine 
has a tower height of 80-100 m. The historical cost 
decline has been driven not only by higher towers, but 
also by larger rotors that increase energy capture. How¬ 
ever, it is likely that wind turbines will not continue to 
grow indefinitely because of the so-called square-cubed 
law. This relationship says that as rotors increase in size, 
the energy capture will increase as the square of the 
swept area. At the same time, the volume of material 
required increases as the cube of the rotor size. Thus, 
cost increases faster than energy capture, holding con¬ 
stant all other factors. The square-cube law has been 
overcome by the introduction of advanced materials 
and other strategies that can reduce the per unit weight, 
but delivering the required volume, of material. As 
wind turbines become larger, there are also increases 
in logistical issues such as transporting large blade or 


tower components across the land. For these reasons, it 
seems unlikely that the historical cost decline can con¬ 
tinue, and that more modest incremental improve¬ 
ments will occur instead. 

The logistical limitations of on-shore wind technol¬ 
ogy, transportation, are not as much of an issue with 
off-shore technology because ships can easily transport 
larger blade and tower units. However, the installation 
and operation/maintenance cost of off-shore turbines 
are higher because of the harsher sea-based environ¬ 
ment, and the difficulty of accessing turbines for main¬ 
tenance. Cost trajectories are uncertain, and will be 
driven in large part by the reliability of off-shore tur¬ 
bines. This issue, critical for all wind turbines, is espe¬ 
cially significant because harsh weather conditions can 
limit access to off-shore turbines; therefore to mitigate 
the need for on-site maintenance a reliable turbine is 
necessary. 

Table 9 is taken from Thresher et al., which is the 
source of much of this discussion, and shows results 
from the U.S. Department of Energy’s WindPACT Pro¬ 
ject. The table shows the likely ranges of cost and 
energy capture for future wind technology. Using 
2002 as a base, the most likely outcome is a substantial 
increase in capacity factor with a small drop in capital 
cost, although the latter appears to be in doubt given 
the recent surges in commodity prices. 

Wind Energy and Economic Development 

Installing new wind power generation not only creates 
electricity, but also supports new manufacturing, con¬ 
struction, maintenance, and other jobs, as well as con¬ 
tributing to the economy. Depending on the local 
workforce and resources, a new wind project can pro¬ 
vide many construction jobs for the local area, increase 
sales for local manufacturers and retailers, and support 
jobs and increased economic activity at local hotels, 
restaurants, grocery stores, and other suppliers of 
goods and services. 

How much the new wind projects will impact their 
local community depends on many factors: 

1. Are the developers using local labor for siting, legal 

assistance, road building, and turbine erection? 

2. Will any of the project supplies or turbine compo¬ 
nents come from the local area (e.g., local blade 

production)? 
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Wind Power: Economy, Market, Subsidies, Payment Mechanisms, and Capacity Credit. Table 9 Areas of potential 
technology improvement 


Areas of potential technology improvement 

Cost increments (best/expected/ 
least, percent) 

Annual energy Turbine capital 


Technical area Potential advances production cost 


Advanced tower concepts 

* Taller towers in difficult locations 

+11/+11/+11 

+8/+12/+20 

* New materials and/or processes 

* Advanced structures/foundations 

* Self-erecting, initial or for service 

Advanced (enlarged) rotors 

* Advanced materials 

+35/+25/+10 

—6/—3/+3 

* Improved structural-aero design 

* Active controls 

* Passive controls 

* Higher tip speed/lower acoustics 

Reduced energy losses and 
improved availability 

* Reduced blade soiling losses 

+7/+5/0 

0/0/0 

* Damage tolerant sensors 

* Robust control systems 

* Prognostic maintenance 

Drivetrain (gearboxes and 
generators and power 
electronics) 

* Fewer gear stages or direct drive 

+8/+4/0 

— 11/+6/+1 

* Medium/low speed generators 

* Distributed gearbox topologies 

* Permanent-magnet generators 

* Medium voltage equipment 

* Advanced gear tooth profiles 

* New circuit topologies 

* New semiconductor devices 

* New materials (GaAs, SiC) 

Manufacturing and learning 
curve 

* Sustained, incremental design and process 
improvements 

0/0/0 

—27/—13/—3 

* Large-scale manufacturing 

* Reduced design loads 

Totals 


+61/+45/+21 

—36/—10/+21 


3. When the project is operational, will the owners 
hire local workers to maintain and repair turbines? 

4. What type of payments will landowners receive for 
allowing the turbines on their land? 


5. How are property taxes determined for the wind 
project owners? 

Some of these questions are specific to the United 
States where typically, wind power developers will lease 
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land from private citizens, and pay taxes to local 
counties, or negotiate with local governments for pay¬ 
ments in lieu of taxes. However, the basic principles of 
economic development impacts apply everywhere. 
The net impact that wind energy has on jobs can be 
calculated by tracing the spending patterns and 
jobs created that are caused by the spending on the 
wind plant, and deducting the spending and jobs that 
would have been developed in the absence of wind. 
Approaches that can be applied include econometric 
analysis and input-output analysis, both of which 
are well-established methods. Input-output analysis 
can easily be adapted to alternative industries or loca¬ 
tions and can be based on economic coefficients that 
describe the interaction between related sectors of the 
economy. 

The JEDI Model 

The U.S. Department of Energy’s National Renewable 
Energy Laboratory (NREL) has an input-output model 
that estimates the jobs and economic impacts associ¬ 
ated with new wind power. The Jobs and Economic 
Development Impacts (JEDI) model requires very little 
user input, and is used by local officials, wind power 


developers, and other interested parties to estimate 
local jobs, salaries, and economic development impacts 
associated with new wind projects. JEDI is based on 
project-specific inputs from the model user (the more 
information about the project, the more accurate the 
results will be) and on default inputs derived from 
industry averages and interviews. Below is a sample 
listing of jobs included in the JEDI output ( Fig. 5). 

JEDI is a free tool that provides the user with default 
information on land lease and property tax revenues 
for wind. Various ownership and financing structures 
can be incorporated by the user if they do not want to 
use the defaults. JEDI presents gross project-specific 
results. It does not consider potential electricity price 
impact or alternative investment options. JEDI results 
are reported on a statewide scale; however, JEDI can be 
used on a county, regional, or national basis by incor¬ 
porating additional data (not included in the model). 
JEDI model defaults are based on interviews with 
industry experts and project developers. Economic 
multipliers contained within the model are US-specific 
and derived from a company called the Minnesota 
IMPLAN Group who uses data from many sources 
including the US Census and Bureau of Economic 
Analysis. You can learn more at www.implan.com 


\fj\nd 
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Project development 
& onsite labor impacts 
Landowner revenue: 

• $301,500 per year 

Local property taxes: 

• $567,590 per year 

Construction phase: 

• 67 new jobs 

• $4.91 million to local economies 

Operational phase: 

• 6 new jobs 

• $410.000 / year to local 

economies 


Local revenue, 
turbine, & supply 
chain impacts 

Construction phase: Construction phase: 

• 306 new jobs 

• $41.5 million to 
local economies 

Operational phase: 

• 8 new jobs 

• $1.7 million/year to 
local economies 


Construction phase = 1-2 years 
Operational phase = 20+ years 


Induced impacts 


• 122 new jobs 

• $14.6 million to 
local economies 

Operational phase: 

• 7 new jobs 

• $790,000/year to 
local economies 


Totals (construction + 20 years) 
Total economic benefit: $136 million 
New local jobs during construction: 495 
New local long-term jobs: 21 


Wind Power: Economy, Market, Subsidies, Payment Mechanisms, and Capacity Credit. Figure 5 

Wind energy's economic ripple effect 
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In addition to the JEDI wind model, there are also 
models for other technologies such as concentrating 
solar power and natural gas. These US-based models 
can be found at http://www.nrel.gov/analysis/jedi/ 

What Is the Difference with Local Components? 

Typical US wind projects do not have locally made 
major components (blades, towers, and gear boxes). 
However, if any of the major components can be 
manufactured in the local region, the benefit to the 
local economy is much greater. This table shows the 
results of jobs and economic impacts from two almost 
identical projects. However, the first one has no locally 
made components and the second one has locally 
manufactured blades. This example is for the state of 
Colorado, where wind turbine blade manufacturing 
facilities are located. 

Figure 6 displays results from the JEDI model, and 
shows that there will be approximately 140 more local 
jobs supported by the same new wind project if locally 
manufactured blades are used. Not only will the num¬ 
ber of jobs increase but the economic impact to the 
(usually rural) community where the wind farm is 
placed will experience temporary economic growth 
during construction and permanent increases in oper¬ 
ations jobs, land lease payments, property tax revenues, 
and local service jobs. 



Out-of-state blades In-state blades 


Induced Supply Chain ■ Onsite Labor 

Wind Power: Economy, Market, Subsidies, Payment 
Mechanisms, and Capacity Credit. Figure 6 

Jobs supported by new wind project: local vs. 
out-of-state blades 


Future Directions 

As the penetration of wind energy increases on power 
systems around the world, there remain questions 
regarding the interaction of wind energy with whole¬ 
sale electricity markets. Wind energy has a near-zero 
marginal cost, which provides it with a high degree of 
economic merit in economic dispatch decisions that 
rank generation by marginal cost. At high penetration 
rates, wind may significantly reduce the spot price for 
electricity, which will reduce payments to conventional 
generation owners. In more extreme cases, the revenue 
shortfall for other generators may make it impossible 
for owners to meet capital cost payments. This may 
discourage base-load generation that cannot be easily 
or quickly cycled offline, instead encouraging more 
flexible generators that can economically operate at 
lower capacity factors. However, it is not clear, nor 
has it been conclusively demonstrated, that an eco¬ 
nomically efficient outcome can be attained in the 
long run. It is possible that capacity, along with other 
ancillary services, may be required in the short run to 
ensure reliable and economic operation of the power 
system; and in the long run to elicit the required level of 
flexibility in the balance of the power system. Power 
systems with high levels of wind generation will gener¬ 
ally need more flexible generation (increased ramping 
and lower turn-down capability), access to this flexibil¬ 
ity through market or other institutional mechanisms, 
and operational practice that can make best possible use 
of the technologies and institutions involved. 

Various types of subsidies or requirements for 
minimum levels of renewable energy are attempts to 
incorporate all costs (private costs plus external costs) 
into decision making and implementation. Because pol¬ 
lution cost falls on a third party, these attempts at market 
adjustment, if done correctly, can elicit the economically 
efficient level of renewable energy. However, experience 
in the United States shows that tax credits (and other 
nonmarket incentives) can play havoc with development 
if wind energy if the credits longevity are in question. 

Future areas of research will likely cover several 
broad themes: technology development, analytic tools 
and metrics for integration, and electricity market 
development. 

Land-based turbine developments include advanced 
tower concepts, advanced rotors, reduced energy losses, 


w 





















12274 


Wind Turbine Noise Emissions 


W 


drive-train/gear-box reliability improvements, and 
increased efficiency and lower costs in manufacturing. 
Each of these evolutionary directions is expected to 
lower the bus-bar cost of wind energy, thus improving 
the economics. Off-shore turbine technology develop¬ 
ments will also include more advances in platform 
designs and costs, improving the economics of this var¬ 
iation in wind energy technology. 

There is increasing interest in wind plants that can 
provide reserves to the power system. Much of the 
required technology exists, although institutional con¬ 
straints and lack of general awareness of this capability 
has hindered its use. With increasing wind penetra¬ 
tions, better institutional/operating rules, and modest 
changes in control algorithms, wind turbines could 
soon provide much of the reserves that are now 
required from conventional generation to help support 
wind energy. 

At high wind penetrations there are questions about 
whether the existing markets will induce the required 
levels of flexibility from the remainder of the genera¬ 
tion fleet. Research and analysis, including advanced 
power system market modeling will help answer these 
questions, and suggest potential future enhancements 
to markets that may include more robust capacity 
markets, metrics to assess flexibility need and supply, 
and relevant market products over the key time scales 
most relevant to wind energy integration. At the same 
time, advanced methods for unit commitment that 
involved stochastic optimization, although promising, 
will not be easily integrated into power markets with¬ 
out significant development. 
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Glossary 

Sound pressure (p) The amplitude of the fluid’s pres¬ 
sure disturbances around the steady state pressure 
which in air is perceived as sound, see Fig. 1. 

Noise Is unwanted sound. 

Sound pressure level (SPL, L p ) A logarithmic func¬ 
tion of the sound pressure with the unit decibel 
[dB], see (7) 

Sound level (L A , L B , L c ) Filtered sound pressure level 
with different filters (A, B, C) resembling the 
human hearing system at different loudness, see 
Fig. 6. 

Acoustic power level (L w ) A measure of the radiated 
sound power in dB from acoustic sources, see (8). 

Sound speed (c) The propagation speed of sound in 
different media. 

Audible sound Defined as pressure fluctuations 
between 20 Hz and 20 kHz. 

Amplitude modulation Sound with a periodically 
varying level (amplitude). 

Masking The change of loudness of one sound due to 
another. 

Low-frequency sound Is normally defined as audible 
sound between 20 Hz and 100 Hz or 200 Hz. 



Wind Turbine Noise Emissions. Figure 1 

An acoustic pressure field p(r,f) ordinarily implies only small 
disturbances. Normal speech at a distance of several 
meters, for example, gives a sound pressure p of the order 
0.01 Pa superimposed upon atmospheric pressure p 0 , 
which is about 10 5 Pa 


Directivity The variation of sound pressure level in 
different directions from a source 

Definition of the Subject and Its Importance 

Wind turbines generate sound. Mainly this sound 
source is of aeroacoustic origin as improved sound 
insulation of the nacelles has reduced the mechanical 
sound sources. Unwanted sound is called noise and is 
a major factor when assessing nuisance caused by wind 
turbines. The increasing height of wind turbines has led 
to better possibilities to harvest wind at higher altitudes 
but has also contributed to increased noise levels in 
stable atmospheric conditions when the sound is easily 
transmitted due to a high wind speed gradient. Rapid 
development of large wind farms in rural, earlier unex¬ 
ploited, areas could cause large acceptance problems 
for nearby residents if noise is not properly considered 
in the development process. Several epidemiological 
studies have shown noise is the most prominent annoy¬ 
ance and show strong interdependence to visibility and 
lack of economic incentive from wind power. 

Introduction 

Wind turbines symbolize the hopes of a brighter future 
and solutions to serious problems such as global 
warming and energy shortage. Today’s rapid expansion 
of wind turbines, both in quantity and size, can have 
a dramatic impact on the landscape in rural areas 
throughout the world. Although greenhouse gas emis¬ 
sions of wind turbines are low, the local scenery is often 
altered when wind farms are constructed. This often 
leads to concerned neighbors forming pressure groups 
opposing the projects. Transparent and unbiased infor¬ 
mation from contractors can often reduce the negative 
reactions from neighbors. The nearby residents are also 
usually protected by noise guidelines from authorities 
that developers have to comply with. 

Naturally, not all wind energy is transformed into 
electricity at wind turbines. Inevitably some power is 
lost, for instance, in the generator or due to friction- 
induced forces in the mechanical system. Some of these 
losses generate sound. Early reports on wind turbine 
noise originate from the 1980s [1, 2]. Today’s wind 
turbines mainly emit sound from the blades as they 
move through the air [3]. The amount of sound trans¬ 
mitted through the atmosphere is governed by not only 
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the acoustic reflection at the ground but also by the 
atmospheric conditions [4, 5]. Sound from wind tur¬ 
bines regularly causes annoyance to people nearby and 
should therefore be perceived as noise or unwanted 
sound. Noise from wind turbines is the main cause of 
concern to nearby residents [6-8] and should therefore 
be considered when determining the environmental 
impact of wind turbines. 

Basic Concepts 

Sound can be seen as an elastic wave motion where 
pressure disturbances propagate in a gas or a fluid with 
a sound speed c. At a certain point in space r and time t, 
an acoustic wave can be described by the sound pres¬ 
sure p(r,t) [Pa]. Sound pressure variations are normally 
very small deviations of the ambient pressure as illus¬ 
trated in Fig. 1. 

Omitting the effects of humidity and atmospheric 
pressure, the speed of sound in still air is given by 

1273 + T r 7 , 

C = 331 Y 273 W 

where T is the temperature in degrees Celsius. If there is 
wind present, the propagation is affected and the effec¬ 
tive sound speed becomes: c e ff = c + U , where U is the 
flow speed in the direction of the sound propagation. 
For outdoor sound propagation, the temperature and 
wind speed variations in the atmosphere will cause 
sound speed variations. These variations will have an 
effect on long distance sound propagation since it will 
cause the sound waves to refract and propagate along 
curved paths, see section “Sound Propagation.” 

The root mean square or RMS value is marked by 
p and is defined according to 



Direction of 


Harmonically oscillating piston propagation 



Wind Turbine Noise Emissions. Figure 2 
A harmonically oscillating piston in an infinitely long duct 
gives rise to a plane longitudinal acoustic wave that 
propagates in the duct. The frequency f of the wave is the 
same as the piston oscillating frequency. The wavelength 
7, i.e., the distance between two pressure maxima or 
minima, is related to fand the sound speed via: c = f7 

For outdoor sound propagation, plane waves are 
useful, since at large distance from a source (far field), 
all sound fields can be approximated as plane waves. In 
order to characterize the strength of an acoustic source, 
such as wind turbines or fans, its (time-averaged) 
acoustic power W is measured for a certain operating 
condition. For a plane wave, the (time-averaged) 
acoustic power per unit area or intensity I is given by 

1 = p 2 /Po c > ( 3 ) 

where p 0 is the density and c the speed of sound 
(for air at 20 C and normal pressure p 0 c is around 
400 [Pa s/m]). 

Spherical and Cylindrical Sound Waves 

When modeling outdoor sound sources, two simple 
models are spherical and cylindrical waves. A spherical 
model is useful at large distances from any source and 
implies that the (time-averaged) sound power W is 
preading equally over a large spherical surface, see 
Fig. 3. 

This implies that intensity for a spherical source is 
given by 


where T is the integration time. The rms-value is very 
important since it gives information about the time 
average of the power in the acoustic wave. 

Plane waves are characterized by the condition 
that points with the same acoustical state form par¬ 
allel planes. Figure 2 shows how a pure plane wave is 
excited in a duct by a harmonically oscillating piston at 
one end. 


W 

An r 2 ’ 


( 4 ) 


where r is the radial distance. In this equation, the 
intensity for a plane wave can be used at large distances 
from the source which leads to 


~2 PpCW 
Anr 2 


( 5 ) 
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Wind Turbine Noise Emissions. Figure 3 

In spherical wave propagation, sound power is divided 
over an ever-increasing area. The intensity decreases to 
one fourth of its original value for a doubling of the 
distance to the source, and to one ninth when the distance 
is tripled 


This last equation can be used to compute the 
sound pressure from a source with a given power at 
a certain distance. Alternatively, it can be used to deter¬ 
mine the sound power by measuring the sound pres¬ 
sure and this is actually the method used for wind 
turbines. In practice, an outdoor source is normally 
on a reflecting ground, and to compensate for this, 
propagation over a half sphere is assumed. This 
means that the factor 4n is changed to 2n in (4) and 
(5). Another modification of (5) is to allow that the 
sound or acoustic intensity emitted in different direc¬ 
tions varies. This variation of the sound intensity is 
called source directivity. 

Similarly by assuming propagation over a cylindri¬ 
cal surface with height (or width) H , one can derive the 
formula 


2 = P 0 cW 
P 2nrH ' 


(6) 


This equation applies at large distances for outdoor 
sound sources which can be seen as a line source 
(a road) or at some distance for a source located 
between two reflecting surfaces. An example would be 
a sea-based wind turbine, where the sea surface repre¬ 
sents a totally reflecting surface and where, for certain 
atmospheric conditions, sound propagating upward is 
also reflected below a certain maximum height H [ 9]. 
When used for large distance, the effect of dissipation 


during the propagation must also be considered in (5) 
and (6), see section “Attenuation and Geometrical 
Spreading” This will introduce an exponential factor 
[exp(—ar)] in these equations, where the frequency- 
dependent damping constant a can be obtained from 
ISO 9613. 

Levels and Decibels 

At the beginning of the 1920s, it had become possible to 
carry out routine sound measurements. An acoustic 
group at Bell Systems in the USA introduced a mea¬ 
surement quantity that they called a “sensation unit,” 
which was based on a logarithmic scale with base 10. 
The unit Bel (after Alexander Graham Bell), defined as 
the base-10 logarithm (log 10 ) of the quotient between 
two acoustic power values, eventually proved to be 
impractically large. Today, the unit commonly used is, 
instead, a tenth of a Bel. One decibel (1 dB) corre¬ 
sponds both to the measurement precision that can 
typically be obtained in acoustic measurements and 
to the amount of change that a human can discern in 
ideal circumstances. 

The Sound Pressure Level L p (or SPL ) is defined as 

~2 

L P = 10- log 10 J- (7) 

Pref 

where p is the rms-amplitude of the sound pressure and 
p re f = 2 • 1CT 5 Pa is the reference value of sound pres¬ 
sure. The reference value of sound pressure approxi¬ 
mately corresponds to the lowest sound pressure that 
a young person with normal hearing can perceive at 
1,000 Hz. As an example, ordinary speech corresponds 
to a sound pressure level of around 60 dB. 

The Sound Power Level L w indicates the acoustic 
power with respect to an internationally accepted ref¬ 
erence as 


— 10 • log 10 -— (8) 

Wref 

where W is the time-averaged sound power and 
W re f = 10 -12 [W] is the reference value of sound power. 

Sound power is used to define the strength of 
various sources and from a known sound power and 
an assumption of the radiation, e.g., spherical waves, 
the sound pressure at a certain distance can be 
computed. 
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As an example for a source emitting spherical waves 
(5), one obtains the following relation between sound 
power and sound pressure levels 

L p = L w — 10log 10 (47ir 2 ) « L w - 11 — 20 • log 10 r, 

( 9 ) 

where it is assumed that p 0 c = 400 [Pa s/m] and r is the 
distance in m. 

Examples of sound powers and sound power levels 
from different objects can be seen in Fig. 4. From (9), it 
follows that at 1 m, the sound pressure level is 11 dB less 
than the sound power level and for each increase in 
distance with a factor 10, the level will decrease with 
20 dB. 

Addition of Sound Fields 

For sound pressure, the principle of superposition 
applies; so, the total sound pressure p tot ( t) is the sum 
of the individual waves sound pressures p n (t ), i.e., 

N 

Ptot(t) = ^2pn(t). (10) 

n= 1 

In order to determine the SPF of the resulting total 
sound pressure, the RMS sound pressure must be used 
in accordance with (7). Assuming the most common 


case that the individual waves originate from N inde¬ 
pendent sources, the total RMS value is simply 

Pit = Pn ( U ) 

n— 1 

The corresponding rule for the total SPF from 
N sources becomes 

N 

L Pm = 10- log 10 ^10W 10 . (12) 

n= 1 

As an example, if two sources of equal strength are 
added: 

L Pu , = 10 ' log 10 (10W 10 + 10 V 10 ) 

= 10- log 10 (10W 10 -2) 

= Lp l + 10 • log 10 2 = Lp l + 3dB, 

that is an increase of 3 dB in the SPF. 

Characterization of Sound According to Frequency 

Sound can be characterized by its frequency content. For 
mankind, audible sound is normally defined as the range 
20-20,000 Hz. Frequencies lower than 20 Hz are called 
infrasound , and over 20,000 Hz are called ultrasound. 
Most acoustic phenomena are frequency-dependent, 


Sound power level 

Acoustic power [W] L w [dB] ref 10 -12 W Object Acoustic power [W] 


100 000 000 

200 -i 

Saturn rocket 

50 000 000 

1 000 000 

180 - 



10 000 

160- 

Four jetplanes 

50 000 
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140- 

Large orchestra 

10 

1 

120- 

Scream 

1 

0.01 

100- 



0.000 1 

80- 



0.000 001 

60 - 

Typical speech 

20.10 -6 

0.000 000 01 

40- 



0.000 000 000 1 

20- 

Whispering 

10“ 9 

0.000 000 000 001 

0 - 




Wind Turbine Noise Emissions. Figure 4 

The sound power and Sound Power Level for a number of typical sound sources 
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and it is well known that different sound sources have 
different characters, see Fig. 5. 

Mathematically, each time signal, for instance, an 
acoustic pressure p(t), can be seen as sum (integral) of 
harmonic signal. This is called Fourier analysis and 
means that an acoustic signal can be represented as 
a function of frequency or a spectrum. Normally spec¬ 
tra are expressed; so, they represent power which 
implies that for sound pressure, they are based on the 
RMS values. The total power in a spectrum can be 
obtained by applying (11) and sum over all the fre¬ 
quencies since different frequencies can be regarded as 
independent sources. 

In practice, the frequency resolution in a Fourier 
analysis is related to the measurement time T, giving 
a resolution of A/= 1 IT. For noise control purposes and 
especially when studying sources with a broadband 
character, i.e., no distinct tones, it is convenient to 
present the data in broader frequency bands. Often 
one-third or octave bands are used for this purpose. 
The standardized octave bands covering the audible 
range are: 31.5, 63, 125, 250, 500, 1 k, 2 k, 4 k, 8 k, 


16 kHz. Each of these octave bands can be split into 3 
one-third octaves. 

Measures of Noise 

The strength of sound is measured by a sound level 
meter that, in its simplest form, gives the SPL in dB. 
The SPL does not, however, take account of the 
nonlinearity of our perception with respect to fre¬ 
quency, as reflected in the concept of loudness [10]. 
To better reflect the human perception of sound, sound 
level meters contain filters, so-called weighting filters, 
that amplify the microphone signal in different 
amounts at different frequencies; see Fig. 6. 

Today A-weighting is the common measure for 
characterizing outdoor sound and most regulations 
refer to A-weighted dB values, sometimes denoted dB 
(A) or dBA. A sound pressure level which is A-weighted 
is called sound level and can be denoted L A . If the 
spectrum of sound is known 

N 

L a = 10 • log 10 ^2 10 (Lp ” +ZIA " )/10 [dB] (13) 

n= 1 


Infrasound , Audible sound , Ultrasound 



340 17 3.4 0.34 17*10" 3 Wavelength [m] 
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Ship machinery 
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Wind Turbine Noise Emissions. Figure 5 

Classification of sound according to frequency, and the relation between frequency and wavelength in air with a sound 
speed c=340 m/s. Frequency ranges of various sound generation mechanisms 
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where L pn [dB] is the third-octave or octave band level 
in band n and AA n [dB] is A-weighting in band n. 

Determination of Wind Turbine Source Data 

To characterize a wind turbine, the acoustic power or 
sound power level L w (8) is estimated using a standard 
procedure, which in most countries comply with the 
IEC 61400-11 [11]. This procedure stipulates that the 
measurements are done at a reference position on the 
ground at different wind speeds. The wind speed data 
used should preferably be taken at the center of the 
turbine (the hub). The measured data is then interpo¬ 
lated to correspond to a reference wind speed of 8 m/s 
at 10 m height, assuming a standard atmospheric wind 
profile. Normally manufacturers present the data for 
a wind turbine as an A-weighted sound power plus the 
octave band spectrum for the power. Given the A- 
weighted power, the sound level from a turbine up to 
a distance of 1,000 m can be estimated from [12] 

L a = L Wa -8- 20 • log 10 r - 0.005 • r [dB], (14) 

where L Wa is the A-weighted sound power level, r the 
distance in m, and the last term represents atmospheric 
damping. Equation 14 is based on (9) modified for 
a half spherical wave, i.e., assuming a reflecting ground. 
A typical value for the sound power level for 1 MW 
machines is around 100 dB(A). It can be noted that in 


terms of acoustic power output, this only corresponds 
to 0.01 W, i.e., a single wind turbine is not a powerful 
sound source. As a comparison, a large passenger air¬ 
craft at takeoff creates acoustic powers in the range 
1,000-10,000 W. 

Noise Sources 

Most modern wind turbines are of the type shown in 
Fig. 7, i.e., consist of a rotor attached to a horizontal 
axis which via a gearbox drives a generator. The rotor+ 
gearbox and generator are enclosed in a housing which 
is mounted on a tower. Other less common types are 
based on a vertical rotor and axis where the gearbox 
and generator can be put on the ground. Here the 
discussion will focus on the first most common type 
of turbines. 

The noise sources on a wind turbine can be split 
into two types: mechanical and aerodynamic. 

Mechanical Noise 

The mechanical noise is normally dominated by the 
gearbox and generator, the strongest source being the 
gearbox, which transmits its vibrations to surfaces that 
can radiate sound to the surrounding, i.e., the housing, 
the rotor blades, and the tower. For modern well- 
designed machines, the mechanical noise can be con¬ 
sidered to be of secondary importance compared to the 
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Wind Turbine Noise Emissions. Figure 6 

A-, B-, C-, and D-weighting curves. A-weighting is the most common. For low and high frequencies, the amplification 
is negative, implying that these frequencies are damped to compensate for the lower sensitivity of humans to low- and 
high-frequency sound 


























Wind Turbine Noise Emissions 


W 


12281 



Wind Turbine Noise Emissions. Figure 7 

Example of modern 2.3 MW wind turbine with rotor 
diameter 94 m and hub height 100 m [13, 14]. 

In front (upwind) of the turbine is an acoustic antenna 
which produced the source image plot shown in the 
picture. The more "hot" a region is the stronger the 
acoustic source in the rotor plane 


aerodynamic noise [13-15]. However, since gearbox 
noise can produce tones which are more annoying 
than the aerodynamic broadband noise, mechanical 
defects in a machine can lead to temporary noise 
problems. 


Aerodynamic or Aeroacoustic Noise 


Sound production by a flow can be explained by 
Lighthills equation [16] 


( 1 d 2 _ d 2 ppUjUj 

\c 2 dt 2 ) dxfixj 


(15) 


where u represents a flow velocity component, V 2 is 
the Laplace-operator, x is a Cartesian coordinate axis, 
i,j = 1,2,3 and a summation over i,j is assumed. The left 
hand side of (15) represents the classical wave equation 
and the right hand side is the flow-driven source dis¬ 
tribution creating the sound field. The source term 


represents an unsteady transport of momentum in 
the flow and is related to turbulence. When solid sur¬ 
faces are present, the source term will be modified and 
can be amplified in particular at sharp edges [17]. 
Motion of the surface will also modify the resulting 
sound generation and cause Doppler (frequency) shift 
as well as change the directivity [16]. 

The aerodynamic noise can be split into three parts: 
low frequency, inflow-turbulence noise, and airfoil self¬ 
noise [13-15]. The low-frequency noise is related to 
interaction between the blades and tower wakes or 
large vortex structures from nearby rotors. The prob¬ 
lem with tower wakes is uncommon nowadays when 
most rotors are operated upstream of the tower. The 
effect or vortex structures from nearby rotors can be 
a problem in wind turbine parks with too closely 
spaced machines. The inflow-turbulence noise is, for 
low frequencies, related to the modulation of the lifting 
force of the blade by the incoming turbulence which 
changes the flow speed and angle of attack. For higher 
frequencies, it can be seen as an interaction between the 
turbulence and the leading edge. The incoming turbu¬ 
lence will depend on the meteorological conditions as 
well as the surrounding terrain, i.e., one can expect 
quite different conditions for a turbine in open terrain 
as compared to one placed in a forest area. 

The self-noise is the minimum sound a rotor will 
produce when placed in an ideal undisturbed inflow 
with minimum turbulence. The most important self¬ 
noise mechanism for large rotors is turbulent boundary 
layer trailing edge noise (TBL). Other possible sources 
are trailing edge bluntness noise and blade tip noise. 
But both these mechanisms are normally small for 
modern well-designed turbines and can be disregarded. 

In conclusion, the turbulence-inflow and the TBL 
noise are the dominating aerodynamic sources. 
A typical example of the spectra produced by these 
mechanisms is shown in Fig. 8. The turbulence-inflow 
noise tends to be dominating at low frequencies 
less than 100-200 Hz for large wind turbines. The 
TBL noise has a distinct peak and dominates the 
midfrequency range which is important for the overall 
A-weighted sound pressure. The total (A-weighted) 
sound level is therefore normally dominated by TBL 
contribution but one cannot say that the turbulence- 
inflow part can be completely neglected [ 15] . An inter¬ 
esting note in this context is that for long range 
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Wind Turbine Noise Emissions. Figure 8 

Example of computed inflow-turbulence and TBL noise spectra for a wind turbine with 61 m hub height and a rotor 
diameter of 91 m. The wind speed is 10.3 m/s at the hub and the rotor RPM 17.5. The model used is based on Lowson [18] 
where more details can be found 


propagation (>5 km), the atmospheric damping will 
remove the mid- and frequency spectrum, which could 
make the inflow-noise contribution the dominating 
source. 

Efforts to design silent blades and in particular to 
reduce the TBL noise have been made, for instance, in 
the EU-project DATA [19]. The result obtained by 
noise-optimized blade designs was an overall reduction 
of 4 dB. In addition, the idea [20] to modify a (straight) 
trailing edge, e.g., into use a saw tooth shape, to 
reduce the interaction between the turbulence and 
the edge was tested and gave an additional 2-3 dB 
reduction [19]. 

Source Directivity and Modulation Figure 7 shows 
a measured source distribution for a large wind tur¬ 
bine. It is clear from this picture that almost all sound 
radiated (to the ground) is emitted during the down¬ 
ward motion of the blades. The explanation for this 
unsymmetrical source distribution is associated with 
the directivity of the TBL noise and the effect of motion 
on this directivity [13, 14]. This directivity will cause 
a pulsating sound described by an amplitude modula¬ 
tion of the TBL noise with the blade passing frequency 
and is responsible for the characteristic “swish” sound 
close to wind turbines, see Fig. 9. As seen in the figure, 
the modulation amplitude just in front and behind 
a large wind turbine is around 2 dB(A). Positions in 
the rotor plane generate much larger modulations or 
close to 6 dB(A). 


For a group of wind turbines which are running 
independently, modulation effects will tend to average 
out at larger distances. Also the fact the transmission 
through the atmosphere is affected by stochastic and 
time-varying conditions will tend to reduce the 
modulation. 

Concerning the directivity in the ground plane, 
there is significant variation as shown in Fig. 10. As 
seen from the figure, there is an 8 dB(A) drop in level 
between the position right in front of the turbine and in 
the rotor plane. 

Sound Propagation 

The perceived wind turbine noise is not only 
depending on the source but the transmission also 
plays an essential role. From a brief examination of 
the propagation problem, one might believe that 
sound is spherically dispersed and that the ground 
either absorb or reflect the sound rays. However, the 
nature of sound propagation is much more complex 
than this. Sound is a wave motion and consequently 
refracts when moving through regions with changing 
wave speed just like light when moving through 
a prism. Furthermore, ground reflections are altered 
both by the irregularities in the terrain as well as dif¬ 
ferent amounts of reflection. Therefore, the sound 
propagation from wind turbines is varying with place 
and time. A turbine that is easily heard downwind of 
the plant in stable atmospheric conditions could be 








































Wind Turbine Noise Emissions 


W 


12283 



Wind Turbine Noise Emissions. Figure 9 

Far-field modulation amplitudes for TBL noise for the wind turbine in Fig. 7. The position 0° corresponds to right behind 
(downwind) and 180° right in front of the wind turbine (upwind). (From Ref. [14]) 



50 


Wind Turbine Noise Emissions. Figure 10 

Directivity in the far field for the wind turbine in Fig. 7. The position 0° corresponds to right behind (downwind) and 180° 
right in front of the wind turbine (upwind). (From Ref. [14]) 


impossible to perceive when the wind shift direction 
and the atmosphere changes to an unstable state. 

Attenuation and Geometrical Spreading 

The intensity of the sound decrease as it propagates. 
This reduction is caused by geometrical spreading, see 
Sect. “Spherical and Cylindrical Sound Waves,” and by 
attenuation of the sound pressure. 


Attenuation of sound is due to thermal and viscous 
effects as well as molecular relaxation when the sound 
wave propagates. The amount of attenuation is depen¬ 
dent on sound frequency, air temperature, atmospheric 
pressure, and humidity. The attenuation increases with 
frequency, atmospheric pressure, and humidity but 
decreases with temperature. A standardized calculation 
procedure, ISO 9613 [21], exists for frequencies from 
20 Hz to 20 kHz. 
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Sounds are also geometrically dispersed as 
described in Sect. “Spherical and Cylindrical Sound 
Waves” Close to the source, in the near field, this 
spreading is spherical and is proportional to r 2 . How¬ 
ever, at longer distances, this rule of thumb could not 
be used as sound rays reflect at the ground and refract 
when traveling through air with different acoustic 
sound speeds. Examples of refracting sound waves 
can be seen in Figs. 11 and 12. As can be seen in the 
former figure, the sound is refracted downward and 
a channel of high sound intensity is observed below 
200 m altitude. If instead the sound is refracted 


upward, as shown in Fig. 12, a sound shadow is 
observed on the ground after 2 km range. To further 
complicate the matter, wind turbulence scatters sound 
which causes the pronounced shadow zone in Fig. 12 to 
be diminished when taking the fluctuations of wind 
into account as can be seen in Fig. 13. 

Ground reflections are also an important factor to 
take into account for sound propagation. In some 
conditions, the ground is absorbing sound, for exam¬ 
ple, when covered by snow or with leaves. On the other 
hand, at water surfaces or concrete ground, the sound is 
almost totally reflected. Measurements and models of 



Wind Turbine Noise Emissions. Figure 11 

Sound speed profile [left) and sound field [right). Computed sound transmission in a downward refracting atmosphere 
(increasing wind speed up to 200 m altitude) is shown. (Reprint from Bolin et al. [5]) 



Wind Turbine Noise Emissions. Figure 12 

Sound speed profile [left) and sound field [right). Computed sound transmission in a laminar upward refracting 
atmosphere (decreasing wind speed) is shown. (Reprint from Bolin et al. [5]) 
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Wind Turbine Noise Emissions. Figure 13 

Sound speed profile (left) and sound field (right). Computed sound transmission in a turbulent upward refracting 
atmosphere (decreasing wind speed) is shown. (Reprint from Bolin et al. [5]) 


ground reflections from sound have been conducted by 
Delanyand Bazley [22] and Attenborough [23] among 
others. Often, the terrain is irregular. In such condi¬ 
tions, the sound rays are not reflected with the same 
incidence angle as reflected angle in the horizontal 
plane as seen in Fig. 14. Periodical perturbations of 
the ground, for example sea waves, can under certain 
conditions be modeled according to Boss theory [24]. 
Furthermore, complex terrain such as hills and forests 
influences the atmospheric conditions [25] and conse¬ 
quently the sound propagation. For propagation 
through vegetation, an extra attenuation of the sound 
should be added as described in IS09613 [21]. 

Sound can be seen as a longitudinal wave spreading 
from the source. The basic equation for the pro¬ 
pagation of sound is consequently the wave equation 
without a source term (RHS of (16) equals zero) seen 
below 


X7 2 p- 


1 d 2 p 
c 2 dz 2 


(16) 


The sound wave can be considered harmonic if the 
time dependence of the sound pressure can be 
described by 

p(r, t ) = R e(p c e~ mt ) (17) 


where p c is the amplitude, cot is the phase where co is the 
angular frequency (f = 2nco). Thus, the wave equation 
(16) can be rewritten into the Helmholtz equation 


Source 




Wind Turbine Noise Emissions. Figure 14 

Top : Sound ray in a downward refracting atmosphere 
reaching the receiver in two reflections. Bottom : Sound ray 
in irregular terrain not reaching the receiver 


V 2 p c - k 2 p c = 0 (18) 

where k = co/c is the wave number. The field of com¬ 
puting sound propagation consequently largely deals 
with techniques to solve this equation. 

Computational Atmospheric Acoustics 

The field of computational atmospheric acoustics has 
many similarities to the fields of underwater acoustics 
as well as seismology. Although boundary conditions 
and input parameters differ depending on the field of 
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research, the governing equations are essentially the 
same. Therefore, numerical algorithms developed in 
one area are often also useful at other applications. 

Methods of calculating atmospheric sound propa¬ 
gation can be divided into several subgroups. Here 
these different techniques are only covered briefly by 
comments on some of their advantages and disadvan¬ 
tages respectively. For an excellent overview of the field 
of atmospheric sound propagation, the interested 
reader is referred to Salomons [26]. Several different 
approaches exist to estimate sound propagation. Some 
of these methods are based on the Helmholtz equation 
(18), and is either direct solutions to this or using 
variable substitutions to solve the problem. On the 
other hand, other methods are based on ray tracing 
algorithms and Snell’s law. 

• IS09613 [21] is an engineering method to estimate 
sound propagation outdoors under “favorable” 


sound transmission conditions. These situations 
are characterized by downwind and moderately 
downward refracting atmospheric states. Further¬ 
more, the method is stated to be used for ground- 
based noise sources. However, wind turbines now¬ 
adays emit sound at much higher altitudes than the 
method was intended to cover. Although the algo¬ 
rithm can be considered coarse and somewhat inap¬ 
propriate to be used for wind turbine applications, 
it is widely implemented in noise mapping, proba¬ 
bly because of the simplicity and computational 
speed of the estimations or maybe because of the 
credibility due to being an ISO-standard. 

• Ray tracing methods, also known as geometrical 
acoustics, are based on viewing the sound as 
refracting beams propagating from the source to 
the receiver. An example of a downward refracting 
sound speed profile can be seen in the upper 
subfigure of Fig. 15. The sound is in this case 
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Wind Turbine Noise Emissions. Figure 15 

Upper : Sound speed profiles for increasing (upper figure) with height and decreasing (lower figure) with height. Lower : 
Pictures of the sound rays propagating from a source to 8 km distance 
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bent downward and the intensity is higher than for 
spherical spreading. This simulation can be com¬ 
pared to upward refracting conditions shown in the 
lower subfigure of Fig. 15. As can be seen, the sound 
energy is bent upward and an acoustic shadow zone 
occurs at the ground after 0.5 km. Apart from 
illustrative examples of ray tracing calculations, 
Fig. 15 also shows the two most important short¬ 
comings of ray tracing methods. In the upper fig¬ 
ure, points where sound rays converge can be 
observed. At these positions, ray tracing algorithms 
predict infinitive sound pressures which is incor¬ 
rect. In the lower figure, a shadow zone, a region 
without rays, is seen after 0.5 km at ground level. 
This prognosis is also erroneous and gives the false 
impression that no sound reaches this area while in 
fact sound propagates into this region. Methods, for 
instance, caustic diffraction fields [27, 28], deal with 
these two incorrect states but the ray tracing is still 
considered unsuitable for accurate sound propaga¬ 
tion calculations at complicated sound speed pro¬ 
files [26]. 

• Fast field programs were originally developed for 
underwater acoustic applications. This method is 
the numerical solution of the inhomogeneous 
Helmholtz equation for a monopole sound source 

k 2 k ~ 2 ^0 + k 2 P = -47 zS(z - z s ) (19) 

Where k is the wave number, P is the Fourier trans¬ 
form of p in the horizontal wave number domain, 
3 is the Dirac delta function, z s is the source height. 
This algorithm can be used in both two and three 
dimensions but requires assumptions of constant 
ground conditions and wave numbers in (19) 
within each layer. As the reality often deviates 
strongly from the assumptions mentioned above, 
especially for long propagation distances, Fast 
field programs are suitable to deal with the sound 
propagation at short ranges. Analytical solutions 
of (19) are possible for very simple sound speed 
profiles and are referred to as normal mode 
solutions. 

• Parabolic equation solutions are another family of 
useful computational methods for estimating 
sound propagation. If the Helmholtz equation 
(18) is assumed axisymmetric, it is reduced from 


three to two dimensions. It can be shown [26] that 
by using the variable substitution p = c~ 1/2 if*exp 
(ikr), the two-dimensional Helmholtz equation 
may be rewritten as 

d 2 if _ . r f ,dif d 2 \jf 

— + 2 ik{z) — + — + ( k(z ) - ko(z))\l/ - 0 

( 20 ) 

neglecting d^/dr 2 is possible if if varies slowly 
with range which is the case for narrow propagation 
angles which gives 

2ik(z)^ + ‘^f+( k (z)- k o(z))\l/ = 0 ( 21 ) 

which has the shape of a parabolic equation. Several 
different numerical methods to solve this equation 
exist, for instance, Crank-Nicholson and Greens 
function solutions. These methods can use an arbi¬ 
trary varying sound speed profile and changing 
ground conditions but are unsuitable for computa¬ 
tions of the near field as the pressure field is not 
slowly varying in that region. However, at long 
ranges, such methods combined with local meteo¬ 
rological measurement have been shown to give 
accurate predictions of sound transmission at off¬ 
shore wind turbines [5]. 

Concerning sound propagation calculations of 
wind turbine noise, these usually use the ISO 9613 
[21] standard, and the acoustic source power for the 
turbine is acquired from the manufacturer at certain 
wind speeds according to the different national stan¬ 
dards. This yields estimations of sound levels at recep¬ 
tion points indifferent to ground irregularities and 
meteorological conditions. The current trend in 
assessing the sound propagation issue is to use more 
advanced prediction methods than IS09613. One 
example is the Nord2000 software based on ray tracing 
algorithms which take into account different meteoro¬ 
logical classes, and therefore, weather-dependent esti¬ 
mations of the sound levels at reception points can be 
calculated. This can be considered a natural develop¬ 
ment as databases with meteorological and ground 
conditions exist in many countries. Using these data¬ 
bases in softwares such as NORD2000, computing 
sound propagation gives improved quality of the 
noise mapping at wind turbine sites. 
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Human Impact 

Sound from wind turbine is per definition not noise 
until someone hears it and is annoyed by it. Then the 
reactions differ from person to person. In today’s soci¬ 
ety, noise pollution is a serious issue affecting a large 
part of the population. Noise can, apart from causing 
annoyance, also lead to other adverse effects such as 
sleep disturbance, tinnitus, and hearing loss [29]. Weak 
evidence also points toward an increased risk for myo¬ 
cardial infarction when exposed to traffic noise [30]. 
The noise levels for wind turbines are far too low to 
evoke tinnitus and hearing loss. Sleep disturbance 
caused by wind turbines has been investigated by 
Pedersen 8c Persson-Waye [6] where 16% of respon¬ 
dents reported interrupted sleep at exposure levels 
above 35 dBA. 

Noise and the Auditory System 

In the field of acoustics, noise is defined as unwanted 
sound. The perception of sound sources consequently 
determines if they are perceived as wanted or 
unwanted. It has been shown that persons with eco¬ 
nomic incentive in nearby wind farms are less annoyed 
by the sound than people not benefiting from the 
turbines [8]. The owner enjoys the gentle hum while 
his neighbor is distressed by the eternal swoosh and the 
interrupted scenery. Before the 1970s and the oil crisis, 
wind turbine farms were relatively small and thus noise 
seldom spread to neighbors. This might be one reason 
that noise annoyance was not a severe issue before the 
development of larger wind turbines in the 1980s when 
the adverse effects from noise were first observed by 
staff at NASA [1]. 

The auditory system in humans is a complicated 
and much investigated sensory organ. It starts at the ear 
lobe working as an antenna and then the sound prop¬ 
agates into the ear canal and reaches the eardrum. Here 
the pressure fluctuations are transmitted to the inner 
ear via the middle ear bones malleus, incus, and stapes, 
the smallest bones in the human body, to the inner ear 
and the cochlea where the organ of Corti transforms 
the movements in the fluid to nerve impulses. These are 
transmitted to the brain where they are processed and 
the sensation of hearing is produced. All this is indeed 
a remarkable system with an exceptional sensitivity, 


recognizing pressure fluctuations down to 20 pPa and 
still robust enough to withstand amplitudes up to 
400 Pa. It is partly due to this enormous flexibility the 
logarithmic dB scale is used in acoustics. 

Dose-Response Relationships 

It has been shown that increased wind turbine noise 
levels cause increasing annoyance to nearby residents. 
This correlation has been established in three different 
epidemiological studies by Pedersen and coauthors 
[6-8] performed in the Netherlands and in Sweden. 
Two studies have been conducted in flat farmland areas 
mainly of rural character [6, 8]. In the third paper [7] 
noise annoyance in both rural and suburban areas as 
well as hilly terrain was investigated. Apart from the 
statistically significant dose-response relationship, the 
studies also suggested that intrusive sound characteris¬ 
tics or visual impact influences the perceived annoy¬ 
ance [6] . It was also confirmed from an earlier study by 
Wolsink [31] that a negative opinion of the impact of 
wind turbines on the landscape has strong correlation 
to annoyance [8]. It should however be emphasized 
that it is not clear when negative opinions precede the 
annoyance or vice versa. Anyway, the results from the 
research performed by Pedersen and coauthors give 
extremely valuable insight when noise from wind tur¬ 
bines annoys nearby residents and should definitely be 
considered when developing wind turbine sites. 

Comparisons between dose-response relationships 
of different community noise sources are seen in 
Fig. 16. As can be observed, wind turbine noise is 
considered more annoying than traffic noise at the 
same doses (dBA). This has many times been seen as 
a proof that wind turbine noise is much more annoying 
than most conventional noise sources. However, 
a problematic issue with these comparisons is the dif¬ 
fering dose calculation between the sources. For most 
environmental noises, e.g., road traffic noise and air¬ 
craft noise, the noise dose for the affected people is 
estimated by traffic intensity and distance to source. 
However, for wind turbine noise, this is not the case. 
Rather than using the actual noise dose, the sound level 
at a specific wind speed (8 m/s at 10 m height) is used, 
thereby not knowing the actual noise dose of the sub¬ 
jects. This could give large differences in actual noise 
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Wind Turbine Noise Emissions. Figure 16 

Comparison between dose-response relationship for other noise sources and wind turbine noise. Proportion of annoyed 
shown in (a) and highly annoyed in (b). (Reprint from [8]) 


exposure, for instance, old stalled regulated turbines 
increase their noise emission significantly from wind 
speeds at 8 m/s to maximum noise levels at cutoff wind 
speed as discussed in section “Determination of Wind 
Turbine Source Data ” Consequently, at a site with high 
wind speeds, the dose for persons living close to such 
a turbine could be much higher than for others living at 
sites with lower wind speeds although both have the 
same nominal noise exposure at wind speed of 8 m/s at 
10 m height. 

Masking 

When two sounds are heard simultaneously, the per¬ 
ception is altered as when heard alone. Therefore, the 


loudness of a sound is not only dependent on its 
sound level but also on the context in which it is 
presented. This auditory phenomenon is called 
masking and will influence the perceived loudness of 
wind turbine noise. 

For example, a turbine close to a busy highway will 
be less audible than the same turbine in a tranquil 
farmland. 

Modern turbines usually have noise with broad¬ 
band character without tonal components. As a result, 
ideal maskers are sources of similar character as spec¬ 
tral overlap between the sounds increases the masking 
effect. A laboratory study concerning if natural 
sounds could mask wind turbine noise has shown 
that inaudibility of wind turbine noise requires 
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10 dB higher background sounds than turbine noise 
[32]. Results from the same paper show that when the 
wind turbine and background have the same sound 
levels, the turbine is perceived as 5 dB quieter than if 
heard alone. In an epidemiological study, road traffic 
noise had to exceed the sound level of the turbines by 
20 dB in order to show a statistically significant 
masking effect [8]. The British wind turbine noise 
guidelines [33] considers masking when setting emis¬ 
sion levels by allowing a 5 dB higher equivalent sound 
level compared to the background noise exceeded 
90% of the time. However, several factors influence 
the turbine noise and background sound. For exam¬ 
ple, traffic noise decreases in off-peak hours which 
often correspond to times when the turbine noise is 
loud. The increasing turbine heights give dramatic 
differences between the wind speed at hub height 
and at the ground [4]. This is especially pronounced 
in stable atmospheric conditions when the wind gra¬ 
dient increases. Thus, temporal variations, both of the 
wind turbine noise and the background sound, have 
to be considered if masking is to be evaluated cor¬ 
rectly. For instance, wind-induced background 
sounds have to take fluctuations due to turbulence 
and different wind speed profiles into account [34]. 
Thus, although masking is probably commonly 
occurring, it remains to be evaluated in field con¬ 
ditions to what degree this has an effect in 
practice. 

Low-Frequency Noise 

When discussing low frequencies, acousticians define 
this as the lower range of the audible scale, often 
between 20 and 100 or 200 Hz. The growing size of 
wind turbines has generated fears that the low- 
frequency part has increased. Investigations of the 
impact at these frequencies suggest that the low- 
frequency levels have not increased significantly at 
newer turbines and it does not appear to be a source 
of concern [35, 36]. 

Guidelines 

Different evaluation methods to regulate wind turbine 
noise are present all over the world. To give a full 
description of each of these is naturally impossible 


within this book and therefore the principles 
governing these guidelines and some examples are 
treated in this section. The guidelines have been 
divided into three categories: the first based on abso¬ 
lute sound level limits, the second sort founded on 
relative sound level compared to background sounds, 
and the third kind with limits as a function of wind 
speed. 

Sound level limits are the main method to base 
guidelines upon. This is the most obvious choice of 
limit and is practical and straightforward to comply 
with. Often these rules constrain the sound levels out¬ 
side nearby residential buildings at specific meteoro¬ 
logical conditions. For instance, the Danish guidelines 
are set to 45 dBA in residential areas at a wind speed of 
8 m/s at 10 m height. 

Limit values are often calculated in equivalent levels 
over a duration time T, denoted L eq?T , which is an 
average of the sound pressure (normally A-weighted) 
expressed in dB. T is normally set to between 5 min 
and 1 h for wind turbine noise. It is often usual to have 
specific night time limits lower than day time values (see, 
for example, the German and State of Washington 
guidelines). 

This sort of rule is simple and the relation between 
emission levels and noise annoyance has been 
established in epidemiological studies [6-8]. However, 
criticism of this kind of guidelines claims that the sen¬ 
sation of hearing is not only based on the level of the 
noise source but should be viewed in a wider context in 
order to get a more complete picture of the noise prob¬ 
lem. Moreover, as discussed in section “Dose-Response 
Relationships,” the noise dose at wind speeds of 8 m/s 
at 10 m height could deviate considerably from actual 
noise exposure. 

Limits relative to background sound levels use the fact 
that masking of wind turbine noise by other sound 
sources influences the loudness. Background noise is 
usually wind generated, for instance, vegetation sounds 
[32]. Therefore, the allowed turbine noise depends on 
wind speed as in the British and French standards. 
Measurements of background sounds have to be 
performed at neighboring properties to apply this 
method. This kind of procedure can thus be time 
consuming as statistically reliable data should be gath¬ 
ered for different wind conditions and seasons. 
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Furthermore, a noise-polluted area, say from road traf¬ 
fic, will obtain more noise and this could be considered 
unfair. One way of circumventing both these objections 
is to use models for wind-generated noise, which exist 
for vegetation and sea wave sounds [34, 37]. However, 
the accuracy of these models is not yet verified by long 
measurement campaigns, and therefore, predictions 
can presently be seen as a complement to measure¬ 
ments rather than an independent base of information. 

Levels as a function of wind speed can be considered 
equivalent to assuming uniform background levels at 
all locations. This is an intermediate between the two 
earlier described methods as sound level limits are set 
and masking assumed by increasing allowed limits with 
wind speed. From many points of view, this solution 
offers several positive aspects as masking is taken into 
account in a simple way. However, different locations 
have varying background sound and this is not taken 
into account. In this context, it is not surprising that 
the Netherlands has guidelines according to this prin¬ 
ciple as the country has a reasonably uniform terrain 
and therefore suitable to the required generalization. 

Conclusions 

Wind turbine noise has to be considered in the 
planning process when building wind farms. Sound 
is mainly described in the unit decibel (dB) which is 
a logarithmic function of the sound pressure. Noise is 
mainly generated by unsteady aerodynamic flows at the 
blades trailing edge, as improvements have reduced the 
mechanical noise sources and consequently tonal 
sounds are no longer a problem in current wind tur¬ 
bines (as of year 2011) when properly working. Today 
pitch-regulated wind turbines can also be run in silent 
modes where less noise generation is preferred rather 
than optimal power output. Sound transmission from 
source to receiver is dependent on the amount of 
ground reflections and also by the meteorological con¬ 
ditions. Acoustically hard ground, such as water, and 
atmospheric conditions of downward refracting sound 
increase the proportion of sound transmitted to 
receivers. Models dealing with sound propagation 
vary from relatively simple algorithms mainly valid at 
shorter distances to more complicated methods at lon¬ 
ger distances and complex terrain. The wind turbine 


noise effects on humans are mainly sleep disturbance 
and nuisance. Correlation between visibility and lack of 
economic incentive and annoyance has been reported 
from epidemiological studies. Different noise emission 
guidelines exist. Some of these specify a limit at certain 
wind speeds while others have limits depending on the 
background sound level. However, the context governs 
which approach and specific limits that are appropri¬ 
ate. To preserve the scenic beauty of landscapes and not 
add unnecessary noise to pristine environments, con¬ 
cern of the environmental impact in general and noise 
in particular is strongly advised when planning new 
wind farms. Noise emissions from wind turbines will 
persist, and with a large expansion of the number as 
well as size, the problem could increase drastically if 
proper measures are not taken in the planning stage. 
Therefore, noise should be considered at an early phase 
in the development process and an open dialogue 
between wind contractors and the public is strongly 
advised. 

Future Directions 

The rapid development of wind turbines will probably 
continue in the forthcoming years. The average size of 
wind turbines has increased tremendously over the last 
decades. If and when this growth will be halted is 
difficult to foresee. As not only the size but also the 
number of wind turbines is increasing, large 
populations, mainly in rural areas, will be affected by 
wind turbine noise. The potential for reducing the 
dominating aerodynamic noise by optimized blades is 
in the range 4-6 dB, which is not sufficient to solve the 
problem. Improvements of the noise mapping by 
advanced noise propagation algorithms are therefore 
important to minimize the noise emission in critical 
areas and to warn when noise annoyance issues are 
likely to arise. Furthermore, sleep disturbance tests 
would also be an interesting research subject as higher 
emission levels often occur at nighttime. Field studies 
regarding masking that would validate results from 
laboratory studies would also give interesting results. 
As a conclusion, the need for further studies regarding 
the noise problem is important as noise is the most 
common source of concern for residents near wind 
turbines. 
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